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PEEEAOE. 


The oiiJECT of this little work is to give to a large 
<*irol(3 of readers an answer, based on the present state 
of science, to the question. What is the Nature of 
Light V 

In the first fourteen Chapters the laws of reflexion, 
refraction, dispersion^ and absorption of light are demon- 
strated by experiment without reference to any theory 
of the nature of liglit. This comes forward prominently 
for the first time in the liftceiith Chapter, in discussing 
Fresiiers mirror experiment, and the conclusion arrived 
at being in favour of the undulatory theory, i,t^is shown 
that this theory is not only in accordance with all the 
liicts .hitherto known, but also a&>rds the most sati- 
sfactory explanation 6f the phenomena of double ^Ite- 
' fraction and polarisation, both of which receive subse- 
quent consideration. #. 

Mathematical reasonings are wholly omitted in 
the text; where these are required or appear to be 
desirable for the more thorough and complete knowledge 
of the phenomena described, they are given in the most 



ri ' PREFACE. 

clcmentarj form, and ore added as an appendix to the 
Chapters.* 

Numerous wood-cuts are introduced, many of which 
are taken from the Atlas of Physics of Johann Muller ; 
the majority, however, .are new, as is also a chromo- 
lithograjjhic plate of sj^ectra- , 

I trust that this attempt to , render a branch of 
Physics, which at first sight' seems from its delicate 
nature to lie somewhat beyond Lhe grasp of the general 
public, intelligible, vfiU meet with a kindly reception 
and consideration at their hands. 

Krlangkn, Jult ! 


* Th(j theory of spiierloiil mirrors and lenses, for example, and the 
elementary theory of the rainbow, are added us Appendices to t,»ie Chaptors 
in which these subjects are discussed. 
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•OPTICS 


CHAPTER 1, 

SOrilCES OF LIGHT. 

1. None of oiir senses supplies us with such ex- 
toiishV and exact knowledge of the oxlernal world ns 
Dial of sight. The eye penetrates into the unfathoinfihh^ 
£ihvss(*s of space, and receives intelligence from i*egions 
the most remote and inaccessible ; it reveals to us the 
delicntcj ciells of which living beings are compos(‘d, 
ii]id perceives the ^inimalcules that people the waters, 
whilst tlie manifold forms which it discloses io tln^ 
miiKl are rivalled only by the. exfpiisite beauty and 
charm of colour with which the physical world a])fjears 
to be decorated. 

The visual organ, like (?very utlier special sense, 
possesses a pnculiar f^>rm of sensibility, that of per- 
Qoivgig luminous i*ays, a facult}’ which admits of no 
•more precise definitior and explanation than the cT>r- 
responding sensaticvis of sound or heat, of taste or smell 

The Sensation of light can only be excited in our 
minds by a stimulus of one kind or another acting upon 
the retina, which is the delicate expansion of the optic 
nerve lining fhe posierior pn.rt of the eye-ball. The 

R 
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stimulus eycitiiijy the sensation may be either me- 
chanical, as by a blow, or by pressure made upon the 
eye ; or electrical, as by the passing of a current of 
(dectricity ; or it may even be produced by the motion 
of the blood in the vessels of the retina itself. 

External objects can therefore only be perceived by 
our eyes, or bo by us as the r(‘sult'of something 
proceeding from i hem,' which res*ch(‘s our retina, and 
stimulates it io activity. This something we call 

The sci(‘nce of light (optics) has a twofold probhiin 
to solve. On tlie one liaiid it lias to investigate the 
laws of lighi, and on the other 1o enquire into the 
phemninma of vision. The former lonstitides Physical 
the laticM*, rhysioJoyical Optics. The former, 
or physlra/ oj)t}cs^ is the proper subject of the present 
course of l(‘cturi‘s. 

2. Every foi*m of matter when sufficiently heated 
has the power of emitting rays of light, and thus bt^- 
coines s(‘tf-hna'nious. Tliis condition is termed hicau- 
deseence^ and tlie self-luniinous %vorlds, as thii sun and 
fixed stars, are doubtless in a condition of intense in- 
<;andes(;ence. All artificial sources of luf/it depend upon 
the development ol’ light during incaiidesconce. Eor 
the illnir illation of our streets and houses at night we 
malce us(‘ of a combustible gaseous combination of 
carbon and hydrogen, which forms the chief constituent 
of ordinary coal-gas. When this hydrocarbon burns, 
that is to say, when its elements unite witli the oxygen 
of the air, it undergoes, with coincident e\^olution of 
heat, partial decomposition. Carbon is separated in 
the solid state, and floats in a finely-divided and in- 
candescent state in the interior of the burning vapour, 
and tliia constitutes the flame. The presence of these 
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particles of carbon may be easily shown by holding any 
non-combustible body in the flame, when the carbon in 
fine powder will be deposited upoif it, forming a layer 
of soot. The combustion of the particles of carbon 
takes place a.t the border of the flame, where they arc 
first brought into contact with ijie oxygen of the air ; 
but if the supfly of oxygen to them be iiisuflicient in 
quantity, they escape m a partially unburnt condition in 
the form of a dark cloud ;*and the flame is said to smoke. 
The brightne^ of the flame is owing to these solid 
incandescent particles, for the burning gas itself pos- 



sesses only a feeble illuminating power. This fact rfay 
easily be demonstrated by means of a Bumen^s burner 
{ fig. 1 ). In this form of burner ordinary gas conducted 
through india-rubber tubing streams into the tube of 
the burner. Air enters, however, through an opening 
(shown in the* adjoining sketch), as well as through e 
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second openCng opjiositc to it, and mixes itself with the 
gas in the interior of the tube. If the mixture issuing 
from the tube be now ignited, it burns with an extremely 
feeble flame wbich»> deposits no soot on bodies held in 
it. For now oxygen is admitted not only to the border 
of the flame, but throughbiit its whole mass, and the car- 
bon is accordingly burnt into carbonic acid b(»fore it can 
separate in the solid foi’^rn, so thattlie flame is composed 
of incandesc<nit gases alone. *fts illuminating power is 
therefore very feeble ; on tbe other band, in consequence 
of the more perfect combustion that takes place it 
possesses a far higlier temperature than the flame of 
ordinary gas. It is used as a hcat-piodncing flame, and 
its temperature can be still further raised by a short 
ronical chimney supported on six metal arms arranged 
in the form of a star. If a nolid body bo introduced inlo 
this feebly-luininous flame, such, for in stance, ais apiece 
(/f platinum wire (sec the figure), the incandescent metal 
glows wdth a brilliant liglit. The luminosity of a 
Bunsen’s burner can be restored by shutting off the 
entry of air, eitlier by closing the holes with the finger 
or by the rotation of a slide wliioli covers thorn. The 
ligh^thcii becomes much more brilliant, with abundant 
formation of smoke, its temi»erature at the same time 
falling considerably, • 

The flames of candles and lamps, whether tlv^ sub- 
stance burnt be tallow or w^ax, rapr'-oil or petroleum, 
do®iiot differ essentially from that of an ordinary gas ' 
burner. The sanie hydrocarbon gas which constitutes 
the essential constituent of common gas is burnt also in 
them. The hot wick which draws npthe fluid material 
about to be burnt plays the part of a. small gas factory, 
the produce of which is used on the spot. The flamea 
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of cJindlos and of lamj^s all owe their luininosity to the 
incandescence of particles of carhop doaiing* in them. 

?}. A petroleum lamp burns, in the first instance, 
wiih a dull murky flame, giving off a. hirgc quantity of 
smoke, but it acquires a high degree of luminosity 
when the glai^ cliimney is applf(»d, for the presence of 
the chimney causes a strong drj,iught, supplying the air 
requisite for the thorougji combustion of the gas with 
which it was previously iiisufHciently intermingled. 
Xhe brilliancy of a petroleum flaiiio is thus materially 
exalted by an increased supply of air, wliilst that of a. 
Uimsen’s burner, as has just bi'cni seen, is almost 
abolished by tlio same means. The contrary effects 
observed in these two cases admit of easy explanation. 
In the hitter instance the amount of air supplied is so 
great that scarcely any of that separation of the particles 
of carbon ’takes place, which is so necessary in order that 
a bright light sliould be produced. But in a petroleum 
lamp, the introduction of a moderate (luaiitity of air, 
by effecting the combustion of the superfluous particles 
of carbon, causes a higher degree of heat, and con- 
sequently a more lively incandescence and illumination 
of the still remaining particles. 

From a.11 this it is obvious that i» order to obtain 
the highesift illiiniinating power flame in which 

hydroc’arbonaceous coiwi^ouiids are undergoing combus- 
tion, .the regulation of the supply of air is esstmfial. 
A ^till gret^ter degree of illumination may ho obtained, 
^f, instead of air, • which only contains one-fifth of 
oxygen, an aj^propriate quantity of pure oxygen is 
conducted into the flame. A burner constructed with 
this object in view is here shown (fig. 2,) and is tenned 
the oxygen law,p or burner. In this burner coal-gas 
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flows through the upper horizontal tube into a wide one 
closed below, Throjigh the middle of this runs a second 
pjj, 2 . narrow tube, wliich is a continuation 

. of the lower horizontal' one, and con- 
ducts, oxygen from an adjoining gaso- 
meter. At the orificQ the interspace 
betwpen the two tubes is closed by 
a funnel-shaped plug, perforated 
by a series of sniii^ll openings from 
which the coal-gas escapes. Wh^n 
this is ignited the oxygen is turned 
on and enters the interior of the flame, the proportion of 
the two gases being regulated by means of two stop- 
cocks, shown in the figure. 
The circular flame can 
thus be easily^ rendered 
intolerably bright. 

4. If more oxygen be 
admitted than is necessary 
to produce the greatest 
degree of illumination, the 
brilliancy of the flam is 
diminished, but its heat 
becomes correspondingly 
increased in intensity. If 
a bundle of iron wire be 
held in the flame the irietul 
burns with vivacity, giving 
off beautiful sparks and 
falling in molten drops. 
On the other hand, if an infusible and incombustible 
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substance, as chalk or magnesia, be i.ntrodnced into 
the hot flame, it is raised to white ^leat -and emits 
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a blinding glare. To obtain this — Drummond^fi lime 
Lights as it has been named, af^er its inventor — the 
arrangement (shown in fig. .‘5), msiy be conveni(nitly 
used. Its c#nstructioii is easily iiitt;lligible from Avhat 
has been previously stated. J’he bent burner, shown 
separately at ^he side, consists of a tube traversed by a 
smaller one, which last conducts (»xygen into the flame 
of coal-gas issuing from^ the annular intervening <]>ace 
between the two tubes. The obliquely directed flame 
plays against a cylimhir of magnesia or lime, supported 
on a convenient stand, and raises it to a white heat. The 
stoji-cocks serve to regulate the proportion oT tin? gases. 

5. In the sources of light tliat liave liitheito been 
considered there has alwa, 3 S been a flame; that is to 
s.'iy, a stream of burning gas, by the heat of which a 
solid body is brought to incandescence and is the cause 
of the light. In the Magnesium, Latnp, of which a 
df'scription will now be given, a stdid bodg, magnesium, 
with its silver}'' lustre, is burnt in the ()])(m air, and the 
solid product of* its combustion, magnesium oxide 
(magnesia), shines with a splendid light. 

The construction of the magnesium lamp tnade by 
Salomon and Grant, of London, is represented in fig. 4. 
A cylindrical box, f*, contains two Qaonichouc rollers, 
which, by, means of clockwork set i^*motioii by the k^y 
c, cauSe a coil of magnesium wire, on the wheel K, to 
be slowly unwounfr and passed through the tube It f, in 
imoporiion^ to the rapidity with which it is burnt at /. 

, After the end of the magnesium wire has been ignited, 
the clockwork is set in motion by pressure on the lever 
m, whilst it is stopped by removing the pressure. 

6. None of tliese means of i limn iiui.t ion, however 
brilliant are those of the lime light and of the mag- 
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uesium lamp, are compa.rablc with tlio dazzling light of 
the electric current passing between carbon points, 
which is only surpassed by the light of the sun itself. 


Fig. 4. 





Tli(‘ infipnosinni lamp. 

The apparatus shown in lig, 5 may be used for the 
production of the electric light. Two metal rods, to the 
extremities pf which pieces ui' hard gas coke are attached. 


lU. 5, 



Electric lipht between curljon points. 


are marie to slide tlirongh tubes sii])portcd on insulating 
glass stands. Each rod is connected by a wire with one 
pole of a voltaic battery of about 50 Bunsen’s pells. If 
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tlie carbon points arc brought into apposition they 
become intensely incandescent at the points of contact, 
and they can then be withdrawn for some distance from 
each other 'vythout interrupting thecurrciiit or the light 
it produces. * 

Between the carbon points ^n arc of glowing par- 
ticles of carfiori appears, the so-called VoUa^s arc of 
jlame, which effects liiie conduction of the current at the 
l>oint of interruption, lliis flickering arc of flame is 
far less bright tOaii the carbon points themselves; tlie 
2)articles of carbon of which it is (lomposed detach 
themselves from the positive jKde, which is^the liottest 
of the two, and fly across to the negative pole. As a 
result of this, after a short time the positive pole be- 
coiii(?s shortened and even excavated, whilst the negative 
l)rt*se.rve8 its pointed form. At the same time combus- 
tion of -both poles talajs place to a certain extent, 
owing to tlie action of the atmospheric air ; and the 
positive pole, which is exposed to the destructive action 
of two agents, A more rapidly consumed tliau the 
negative. The light-jiheiiomena are as brilliant m 
vacuo as in air ; and siiuiO tlie (jombustioii of the carbon 
is thus avoided, the positive polo, which furiiislics the 
particles of carbon for the arc of flame, iflotie wastes 
away. This experiment shows thi\,t*?>he source of white 
heat* is not here the process of combustion, as in ftie 
.above-mentioned * cases, but results from the glow 
produced by the electrical current. • 

7. The resistajice which the current h>ks to overcome 
in passing from one carbon point to the otlier is greater 
in proportion as tlie distance between them increases, 
owing to their burning away. The strength of the 
curi’ent, howtjver correspondingly diminishes, till it is 



10 


OPTICS. 


110 longer Capable of forming an incancloscent arc 
between the opposite poles. The current is then in- 
terrupted, and the light dies out. Hence if practical 
use is to be mad6 of the electric earboi: light, it is 
obvious that care must be taken to Iceep the carbon 
points always at a proper distance from each other, 
and for this purpose apparatuses have been invent(‘d 
which automatically approximate the points in propor- 
tion as they are burnt away, and these have been named 
cjirhon-light rerjuJators or electric lawptt. 

The Itcgulator of Foucault and Dubose], the con- 
.strnction eff which is showm in fig. (>, is a rriaste.- 
piece of ingenuity and mechanical adaptation. A com- 
plete account of this complicated machine would 
here be out of place. It will be sufficient to say that 
by means of clock woik the two carbon points are made 
to approximate to each other, the inferior (positive) 
})ole moving rather faster than the other, in view of the 
greater rapidity with which it is burnt off. Before the 
current reaches this it circulates round the coil of an 
electro-magnc‘t ; as long as the carbon ])oiiits preserve 
their proper distance from i*ach otln.^r the eh^ctro-magnet 
is sufjTiciently strongly magnetised to fix an iron detent, 
and thus \o check, the clockwork. As soon, however, 
as the distance bt'tween th*e carbon points, pi conse- 
quence of combustion, becom(‘S gi‘ea.tfir, the strength of 
the current diminishes and the electro-magnet is ren- 
dered less powerful — the detent is iiccordingly set free, 
the clockwork acts, and the carbon points approximate, 
which again re-establishes the current in its former 
intensity ; the keeper is then again attracted and the 
clockwork checked anew. By means of the automatic 
aciion of the Regulator, not only are the carbon points 
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kepi at a constant and equal distance from each other, 
but the arc of flame can be maintained unbroken for 
hours together in the same plaa‘. 


Vui h. 



«S. All bodies that do not themselves produce light 
can only be s^cn bj means of the light they receive and 
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reflect to out' eyes from sclf-himiiious bodies. Amongst 
the heavenly bodies, the moon and planets belong to this 
class, for they are illuminatecl by the snn, as arc most 
terrestrial objects. • The light falling iipor such non- 
luminous bodies is diffnsehj reflected from their surface ; 
that is to say, in such a' manner tliai every illuminated 
point tlirows out rayS from tlie surface in every 
direction. 

Every illuminated body, rr fleet imj II tfhi diffuselj/yplAy^i 
the part of a source of light. It shiiu‘s with borrowed 
light. Our earth, like th(‘ moon and planets, is in this 
position, in-comioarison wiih the self-luminous stars. 
The faint light which the new moon presents, and which 
makes that part of her disk visilde which is not directly 
illuminated by the snn, is only the reflection of the earth 
illuminated by the sun s raws. 

0. Light, proceeding frojii a self-luminous 'or from 
an illumbiated objt'ct, must traverse the humours of 
the eye before ]>rodu<*iiig a scnisa-tion in us by exciting 
the retina. Bodies which, like the* contents of tin* 
globe of the eye, or like air, water, glass, etc., j>erniit 
light to pass through tli«in, are called Iran s^m rent; on 
the other hand, those which transmit no light are said 
to be* opAque. This diflerence, liowever sharply ex- 
pressed it may usuajJly app('ar to be, is not due to any 
absolute difference, Vor every opa,(]uo body if reduced 
to a sufficiently thin film becomes tAuisparent, whilst 
transparent bodies permit the i)assage of less light in 
proportion to *their thickness. In tho/* abyss of the S(.‘a 
• the darkness of night prevails, because only a sparing 
amount of light is capable of traversing a mile or more 
of water. On the other band, the most opaque bodies, 
like the metals, can be rend^^red so thin that a subdued 
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glimmers through them. Foucault has, in fact, 
proposed to cover the object-glass of a telescope in- 
tended for solar obseiTation with* a thin precipitate of 
silver, in order to protect the eye of the observer from 
the glare, witlfout loss of definition. * 
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CHkPTER IT, 

EKCTILIXEAE PROPAGATlOIi OF LIGHT. 

lO. An opaquo body is illumiiiatod^on that side of 
Its surface ouly which is turned towards the light, its 
opposite suviace, as well as a si)ace covered by it, ihv 
shadow, reuiains dark. The shado^f of a body is pro- 
jected upon a plane surface held in the shadow-space 
as a similarly formed dark spot, which occupies- that 
part of the jdaiie to whicli the access of light is pr(‘- 
vented by the body throwing the shadow. , It may 
easily be demonstrated that all straight lines conceiv(‘d 
to be drawn from any point of the shadow thrown u})on 
the plane to the source of light, s*trikc against the 
opaque body, and that only those 2>oints of the plane 
receive light which arq so placed that straight lines 
drawn to th(*m from the source of light are not arresti'd 
by the shfcdow-giviiig body. 

From these hip.ts the conclusion may be drawn 
thkt light proceeding! from a Inminons body whilst tra~ 
versing a homogeneous medium is prjopagated in every 
direction in straight lines, which are called rays of light. 
Those rays \yhich we may conceive to be drawn froin 
the luminous point s (fig. 7), to the circumference of 
the shadow, graze the surface of the body throwing the 
shadow and collectively form a cone which invests the 
body like a ring. The line formed by alLthe points of 
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contact is the limit between the front illuminated and 
the back unilluminated surface of the body. The 
shadow which the object throws* upon any plane or 
curved surface is nothinj^ but the section of this cone 


of contact-lines ^yy the plane in (juestion. It conse- 
quently holds a direct geometric relation to the form 
of the object, and forms a simple outline image of it 
(»r silhouette. Shadows supply to our eyes, which as 
il were unconsciously follow tlie geometric relation 
l»etw(5*u the form of the shadow and that of the object, 
valuable means for the correct judgment of the real 
Ibrm of bodies in sjjuee. The painter uses them to 
make his figures siiuid out from tin; canvas. In tech- 
nical drawings of machines, scaffolding, etc., wdiich are 
to serve as plans ^br the artificer, in addition to the 
elevation there must always be a ‘ground plan,’ in 
order that the perspective relations of the building may 
be understood. But if in the former the strict Ij^ geo- 
metric shadows were given, the second miglit' in many 
cases be dispensed with. 

ll! If the body casting a shadow be illuminated, 
not J 3 y a single luminous point, as has been supposed in 
the foregoing illustrations, but by a bright body which 
possesses innumei-able luminous points, we must, in 
order to know the nature of the shadow, imagine a 
sliadow cone for each luminous poiut ; the space behind 
the opaque body which is common to all these cones 
receives no rays from the luminous body and is termed the 


Fig. 7. 
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nncUus of iJih shadow ; but this is suiTonuded by a space 
wbicli is only in shadow as regards a part of the luminous 
body, whilst it roecuves light from the rest of it and is 
consequently partially illuminated. It is termed the half 
shadow or jtnntnthra. Fig. 8 shows the 'case of a large 
luminous S2)here, opposite Avhieh is a smaller o[)a-que 
one, li ; the simple construction shows wliat determines 


Fk; 8 iiiid Fifi'. f 



v\ iiuchus onJ ]>i‘iiuiiibni. 


the limits of the nucleus of the shadow and the p(»- 
ij umbra. The conical nucleus of the shadow terminates 
in a point at whilst the penumbra stretches away 
constantly widening to infinit}'. A plane held in the 
shadow at m w, perpendicular to the axis of the cone; 
receives the image represented in fig. 9, wdiere a central 
dark ^pot i^ seen corresponding to the nucleus of the 
shadow, and is surrounded by a less dark area, the shade 
ofcwhich gradually’diminishes from within outwards till 
it is no longer perceptible. If 4he plane be closely 
approximated to the body giving the shadow, the b/oad 
dark nuclear shadow loses but little of its s definition, 
the half shadow surrounding it appearing only as a* 
narrow border. If placed at a greater distance, the 
penumbra exceeds the nucleus of the shadow in breadth, 
and only an ill-defined shadow results, explanation 
is thus afforded why we are unable to^point out the 
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exact spot where the shadow of a sLi'cple ends on tlu* 
ground. So if a knitting-needle be held in the sun 
iniiij(jdiately in front of a sheet oP paper, it throws a ver\ 
\vell-d(‘fin(‘d sha.dow; but if it be removed to a distance 
of only thro<'Nr four inches from the’sheet no accurate 
outline can be traced of its ill-dgfinod shadow. 

Our jiljiiietary systiun a.fford« striking illustrations 
(d* such shadow cones as are 'shown in lig. 8. The 
shadow nucleus behind the moon is nearly e(pial to the 
radius of th<‘ moan’s orbit, and can, therefore, when the 
iji<»ou intervenes between the sun and the earth, wdiich 
is only possible at the time of th(‘ Jiew moon*, reach the 
siirlace of tin; earth. The sun is tiien totally covered 
by tlio moon, or there is said to be a Udal cclii)He of th*‘ 
those parts the earth wliicli are in the 
nuclefu* shadow’ ; wdiilst in those parts which lie in the 
penumbra a sickle-shaped portion of the sun’s disk 
remains visible, and tlie eclipse is only a. lyaHial one. 

The nuclear sluuh)w of the eartli exhmds behind it 
to a distance of SiKi td* its seinidiameters, and thus 
reacdies far b<MOud the radius of the muon’s orbit, 
w'liich amounts to only GO semijiameters of the earth. 
At the time of the full moon it may happen that the 
moon lies w^holly or partially in the earrti’s sTiaflow, and 
the interestinij spectacle of a Innar ^«cJii)fir is presented 
to us. , * 

12. To an observer’j)Iace(l at the point H of the cone 
*(lig.^), the smaller but nearer sphere B appears to* be 
of •exactly the same size as the larger but more remote 
•sphere the latter being jDrecisely covered hy the 
former. The rij^parmt sizr of au object is determined 
by the angle wdiich the rays of light, ])assiiig from its 
outermost poiijts to the eye, form with one another, 
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till? so-called visual aiij^^le. Tlio same body is seen 
under a smaller visual angle, and of correspondingly 
smaller size tlie further it is removed from our eyes, 
and two bodies of' different size appear under tln^ same 
visual angle if tlieir distance's are inversely as their 
diameter. If we are ^e^uainted witli the kniI size of 
au object we can debnanine its distance from us by 
the visual angle under \Vhieh it appears to us; and, vice 
versa, if the distance and the api)arent size be given, we 
can deteiniine its acdual size. Asff’ononieJ’s employ 
these siiu’i e data to determine the size and distance of 
the heavenly bodi(‘s. It has btaiii foniul, for example, 
by at>propriate observations, tliat Mi(‘ semidiameter of 
the earth, seen from the sun, would a}>pear under a 
visual angle of o)dy Tliis is termed ilu' /K/ralla 

ot‘ tlu* sun ; and from thonee llie caleulation has bocL 
made that the distance of the earth from, the sun 
{iinomits to 2 1,000 seiTiidianieters of the earth, and after 
this di^tallfi‘ is determined it results, from th(‘ visual 
angl(‘ of d2' under which the .sun a]>p(*ars to us, that its 
diameter is 112 tinuis greater than that of tlie earth. 

Th(' saiiu‘ (»perations by wdiicli the astronomer ob- 
taiin> his r(;sidts school us from our youth upwards to 
form evt-r)^ day' and every hour an unconscious estimato 
of the size aud •Ijstance of terrestrial obj(‘cts by the 
mcasurehirtif of the e\je. Tin? visual angle uiuh^i; which 
a human fonji or other object of known size appears to 
us’supl»lies us with a datum from wbich we cst/imale 
its distances, and this distance again enables us to fcTin 
a judgment in r('si»ect to the size of neighbouring 
objects. The rays of light which reach the microscopi- 
cally small earth from the various i)arts of the mighty 
mass of the sun, do not form a greater angle with 
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racli other at most than o2\ which expresses the ap- 
parent size of the sun, and may t^ierefore be regarded 
as bt'ing almost })n.rallel. Tf a beam of the sun’s rays 
be allowed to^iter a. cliairiber tlironyi a wide opening 
in the window shutter, it may be easily followed by the 
illumination of th(' floating i>arti(^<'s of dust, andii may 
be shown that it has ev<Tywhef'e the same diameter, 
and must consefjinmtlV be composed of parallel rays. 

iJ). If mnv tho chainl)(‘r be completely darlanu'd, 
fl^id a ve 7 ’y small opening of from 1-3 millimeires 
(-^^^th--Jjth of tin ineli) be nnide in the shutter, a, very 
]»reiiy appearanee nia\ Ix' observed u[)on ti iia])er scri'cn 
]»lti(ied opposite to the opening. The neighbouring 
buildings are seen ^^ith tlieir roofs, chimTiies, and 
windows ; the green ire(‘ fops waving in the wind, men 
walking in the slnxTs, \\hile elonds sailing over ilu‘ 
blue sky,* in fact a complete ])ieture of the external 
woi'ld is as it wiuv painted in deli<aite colours upon the 
scre(‘n. lint this ])icture is invert i‘d ; what is in n^ality 
above appears in tlTo picture Inflow, whtitis tlnu'Ci on the 
hflt is here on the right, and I'/cx vcmi. When tlie screen 
is lirought nearer to the o])eninJ^, the picture hocomes 
smaller but cletirer ; when it is removed to a <jreatei;dis- 
tance it becomes faiiitiT but, its size. is increased. If 
the circulav opening he rejflaced In a*^(piare one of equi^l 
area, the picture undej^goes no change, nor do('s any 
alteration oircur if the square be changi'd to a triangle 
of^eqnal area; but wlum, on tlie otluT hand, a series 
pf continuously lai’ger and largtu* openings be used, the 
picture will be found to become progressively brighter, 
whilst its outline becomes more and more confused and 
blurred, until, when tlie opening is several centiniel res 
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in diameter, no definiti; picture euii be disc(‘rned upon 
the screen, but oiily^a uniformly illuminated surface. 

The mode of production of this cliarmin*' picture is 
best explained by/ti repetition of the sayie experiment 
in a simpler form. A lighted candle is* placed in front 
of a scrt‘en perforated hy a small opening (O, fig. 10), 
and behind it a whitb palmer screen (S) is Indd whicli 
receives the inverted iinjtge of th^ flame. Amongst tin' 
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innumerable rays of light which, forexam))lc, the hiuli- 
est j)oiiit, A, of the flame emits, only a small conical 
fasciculiis,(A a) traverses the aperture and forms upon 
the screen a small bright spot (a) whi(*li, in const*- 
quonce of the reculinear amrse of the if Uqhi is 

only illuminated with the light V»j.f the point yl, whilst no 
otjier part of the screen can receive light from thjs 
point. In the same way, the sjiot situated upcyi a 
higher part of the screen, is only' illuminated by tUe 
lower point, 71, of tlui object. Now since every point 
of the object sends its luminous rays separately to 
different points of the screen, the continuous serial 
addition of innumerable bright spots Jbriius an image 
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wliicli, as is innnodiiiiely intelligible from tlie figure, 
resembles tbe object, and is larger in proportion as the 
«(‘roen is removed from tbe aperture. The larger the 
iiuage, the i'eebhu* is its illmniiiatioiii^ because the same 
quantity of 'hfrht is then distributed over a largc'r 
siuTace. 

Tluj small •s2)()t of light, must necjessaril}' be cir- 
cular or square or ti'iangulai%*in accordance with the 
shape of the opiuiirig. lint since tlu^ adjoining light 
s]>ots overla}> eav^h oth(;r, its i)a.rtic*u!ar form is of no 
unportance ; and the result is the same in regard tt> 
the entire image, whatever may be the furm of the 
aperture. If the rays of the sun pi‘m?trat(‘ through a. 
partially closed window shutter they throw upon tie' 
Hoor ®f the room briglit elongated and rounded S])ois 
of light. 1'beso are so many images of the sun’s disk 
tlirown by the various iri’egularly formed chinks and 
apertures of tin? shutter. Tlie illuminated spots do 
not appear circular but elliptical, because the surfjn'e 
(A’ the fioor on which they iiill is not perpendicular to 
the direction of the suifs rays. Tl)e spaces between 
ihe leav('s of the thick foliage of a tree act in the same 
way, and yu’oduce numerous elliydical images of the sun 
on the shaded fioor of the forest. In j^artiiri ticlip^ke of 
tlie vSiiii these light-spots in the ^ladow thrown bv 
trees assunio a distinctly sickle-shayiod form. • 

, It is now obvious why small openings are alone 
•capable of foriiiing such iina.ges, for they only .are 
(ia*pable of 'effecting such a division of the ;rays of light 
as is essential for the production of an image : large 
openings, which allow rays of light to fall upon the 
screen from all or very many points of the object, are 
not appropriate for tbe purpose. 
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14. If there be a luminous iioint at L (fig. 11), ami 
fl, h, c, d be an opaque screen, J, B, C, I> would be the 
shadow which this screen "would tlirow on a second 
screen placed parallel to it. If the second screen be 
just twice as distant from the source 6f light as the 
first, the area of the shadow will bt‘ four limes as large 
as the screen 'which throws the shadow.' If the latter 
be removed, the same number of rays, which was pre- 
viously rt'ceived by it and illuminated its surface, is 
now distributed over an area of four times the size; a 





IMmination af tlir lUnTiiiimtit n in the ratio of the ';quaic of the tlistanee. 

* # 

given i^ortion of the surfuc<‘ A, 7>, Cy 7), receives, con- 
sequently, four timjs less light than a corresponding 
portion of the surface a, />, r, d, and will be therefore 
pro])ortionately h‘ss strongly illuminated. The Ro,irce 
of light thus gives, at double tlM» distanc(>^ only the 
fourtJi pari of the illumination which it can give at 
unity. If the second screen be at o, 4, 5 . . . times the 
distance of the first from the sourct^ of light, ihe shadow 
falling upon it will be 9, IG, 25 . . . tinu^s larger than 
the shadow-throwing scretui, and will, according to its 
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distance, be 9, IC, 25 , . . times less brilliantly illumi- 
nated. ^ 

We thus acquire a knowledge of the law, that iht 
amonnt of ilh^ma lion diminishrs /a '}*roj)ortion io Ihn 
,srjuare of I he distance Jrom the sourer of illmninatiou. 

The ap})aratus sliowii in fig.*] 2 may be employed 

10 demonstrate the truth of tliis law by experiment. A 
slieet of white papcir fs stretched on a frame, supported 

011 a. stand S, in Jhe centre of wliicli is a spot of oil, 
Hiiide with st(‘arine. The gr(‘ase spot allows more 
light to pass through it, and coiiseijuently reilecls less 



BuuMni’'' riiotoTOftei, 


than the unstained part of the pajTer. Tf therefore 
the pap(T*be illuminated more stnaigly from behind, 
it appears bright on 'a dark ground. On the other 
hand* it appears dark u]ion a bright ground if it be iiiore 
strongly illiTrninated on the front surface; wliilst, with 
^qunl illumination on botli sides, tlie spot becom(\s 
invisible, since it can then appear neither darker nor 
lighter than the adjoining papier. Th(» flame of a 
Candle, a, is nc^w placed upon one side of the screen, 
'whilst fouf siich flames are placed u 2 >oii the other side 
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iit h, and tlio scroon is removed io siudi a distance from 
them that the spot ^is no longer visible. This will be 
found to occur when the distance of the quadruple flame 
from the screen on* the one side is doiiW^^' that of the 
single flame on the other side. This experiment, in 
which a source of light‘four times as strong as anotlicr 
gives the same illumination a.t double the distance, 
corroborates the law above laid do’wii. 

Tliis law being admitted, the same apparatus, iig. 
12, may be employed as a means of comparing tie* 
hiilliancy of two sources of light. If, for example, the 
flame of a bamlle be placed in front and a gas flann? 
behind a paper screen, and this lx* moved till the grease 


IS. 



• lliuuford's rin)toinetCT. 

spot disappears, the illuminating power of the two 
lights will be as thd'squares of their distances from the 
screen. The apparatus employ(‘d» for the determination 
of the illuminating p(iw<*rs of different sources of light, 
are termed Photometers. The p^per screen with Wie 
grease spot constitutes the (‘ssenlial feature of tluv 
Photometer of Bunsen. 

liuinford’s Photometer is of remarkably simple 
construction (fig. l^l). An opaque rod, jiboiit the size 
of a lead pencil, stands in front of a wljitp paper screen. 
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Tlie two lights to hi) compared bolli cause a sbiidow of 
the peiicil, and ea.ch light illuiniii^tes the shadow (iast 
by the other. If eitlnir light is removed to such a, 
distance that. the two shadows appear of equal depth, 
the brilliancy of the tw^o lights will be as the squares of 
their distances from the screen* < 



26 


OPTICS. 


riMPTER Tir. 


KEFLEXTON OF LIGHT. 




Fi«. 14 

P 

I 

I 
1 




Reflexion of litcnt. 


15. If a Loam of parallel rays of light from the sum 
b(» allowed io pass obliquely tlirougb an opening in the 
window slnitfer (/v/, fig. 14) and 
to fall upon the plains surface of 
mercury at rest (.•? ./), it will be seen 
that from the jioiiii [n) where tin* 
beam strikes the surfa.co of the 
inercury, a second fasciculus of 
rays (a d) proc(*ods, the c'oursi* of 
whieli may b(v followed just as 
easily as that of the incidemt ray, by its illuminating 
the floating particles in^tln* air. 

T|iis proc(‘ss is t(*rrn(»<i regula r rrjlcxion ^ in opposition 
to diffkwG, reflex unu wliich has been already referred to 
(p. 12). If a shc'ofpf ])aper be placed uj)on the mercury, 
tlKJ reflected beam vaii'shos, hut th(‘ spot, n, \vhe.re the 
paper is struck by the incident fays is brilliantly illu- 
min^ited and becomes visible from every side as thdugli- 
it were self-lurninous. The (hill surface of ”tlie papLr, 
although it may be struck in a certain direction only by" 
rays of light, thus mnits rays in all directions, and be- 
comes in virtue of this diffitse r ([flexion every wh (ire visible 
as an illuminated object. The smooth surface of the mer- 
cury, on the other hand, appears not at eJl of but very 
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fiH‘bly illuiniiiJitcd at the point n where it is struck by 
the incidcuit rays ; it reflects thei^ in ii perfectly definite 
direction withoui. otherwisci materially alterinjr them. 

In taci -5 if a snliicioiitly small openhii^^ be made in the 
shutter, ilie sitnie oval ima^e of tlie sun a[)pears on the 
]*<>of of the room where the *r(^rfl(‘cted ray falls, as th(^ 
iiicidejit ray iSself would have formed had it been allowed 
to fall upon ihe lloor. 

Every smooth surface is called a mirror^ and Nature 
Ji(‘rst‘ir otters to us, in tin* surface of fluids a.t r(‘st, a 
\t,‘ry perfect example of a mirror. Mirrors, however, 
tliat are ccunposed ofsomesfttid material, as^ of polished 
metal, altliou^di this can nev(*r he made to attain the 
al>solute smoothness of the surface of a fluid, are very 
mu(*h more convcuiient for use. The kind of mirn)r 
most commoidy employed consists of a plate of gla-ss 
Avhich has been g-round and ])olished and covered on one 
surface with an amalgam of tin, or with a preci})itate of 
silver, and tin* sm-face of the imdal adhering to the glass 
is generally the r(*fle(‘ting surface. 

In order to iiidi(*ate accurately the course of the 
incident and ndiected rays, we mnst conceive' a vertical 
line, or perpendicular {n p), to fall on the reflecting sur- 
face* at the point n (fig. 14) where it *is struck f)}" the 
incident ray. The plane dra.wn through the incident 
ray and the perpi'iidieular, which is itself vertical to 
ihe plane of the mirror, is called ilio plane of incidence ; 

* it is also named iho ^dane of reflexion^ hveanse. it aliiHii/s 
^ contains tte reflected ray. The path pursued by the 
incident and the reflected rays is determined hy the • 
(inyle of incidence , i, and the aiu/te of roflexion^ r, which 
t^ach of tlie rays make with the perpiuidicnlar. The 
angle of reflexion is edways cyaal to the angle oj^ incidenc6» 
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These two propositions — that the planes of incidence 
and reflexion are coiiyvideiit, and that the anj^les of inci- 
dence and reflexion are equal — togeiher constitute the 
no less simple than'imporraiit /a?/; <>/ the rciJe^cionof 
In order to deinonstratti it by expcn’imenl, the instrument 
show’n in flg. 15 may fee used. To the curved border 
of a semicircular piece/ of wood, A a jdate of imtal 
is attached which lias a viTtical slit at the centre of its 
curve (e), and from tliis point outward is divided into 
\)(f. The mirror/, tlie back of which is shown in thu 
figure, is capable of being rotated round a vertical axis, 

i 

Fiu.ir,. 



Jlo'l'J h)r tlip (ipinoiistrati^ ii of tbe law of refloxion oi IifJht. 

By passing through the centn* of the siunicircle. The rod 
hy whvjh is attaidied to the mirror and ])oint.s hy unmans of 
an indicatois c, ho the scale of degree.s, is at right angles 
to the })lane of the^mirror, and conseqiumtly r(‘pr(*st‘nts 
thf^ pcTjiendicnlar. ' If now a small heam df ]>^irallel 
rays be allowed to pass through flie slit and tail on the 
iriiiwr, the reflexion will illuminate and make visible ^ 
that part of the circumference of the circle tow^ai’ds 
which it is directed. The indicator c now stands, we ' 
wdll say, at 20°. The ray coursing from a to / strikes 
the mirror under an angle of incidence of 20°, and hence if 
the above law of reflexion be correct, should be reflected 
to the line marking 40^ and in point ofe fac;t*it wdll be 
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found tliat this is the d(‘^roe which is brilliantly illaiui- 
niited by the reflected li^ht* If now the indicator be 
siu'c essively placed opposite the linos marking 10°, 20°, 
:>() ’, (‘tc., the refl(‘cted ray will successively ilhiiniiiate tlu? 
lines marking 20°, 40°, 60°, etc., as Uie law of reflexion 
rr(]uires that it should do.* if, lastly, the indicator 
bt* iflaced opposite the slit itself, so that the angle of 
incidenc(i is zero, the angle of ndlexion must also be 
zero; the reflected ray passes out again by the slit in 
tin* Siime direction as tln^ incident ray entered, or in 
otJier words, a rai/ of light falling purpeudicalarlij upon 
o mirrot' in rcjlrctrd vpo)i itavlf, * 

16. A plane mirror reflects the iinag(*s of objects 


[jt.. a. 
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VrcHlnctioTi of Uu- iniajn- iiouit m a plaiu- niirrur. 


jdaced in front of it, ourselves iin*lud«l, with an aceurncy 
that is proverbial. The producti((ii of these images 
nijiy be explained in tjio simplest manner by the law of 
r(‘il,7xion. In the diagram (fig. 16) A n and A p 
re]U'esent ^two out of the innuinerabU* rays which 
• a luminous point A throws uptiii a mirror s .s'. If -we 
conceive the reflechxl rays, v e, p, g, corrt*sponding to 
1 belli, and the direction of which, in accordance with 
the above law admits of being easily ascertained, to be 
prolongej,! backwards, they will meet each other in the 
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point a. The straight line A a, which joins tlie point a 
with the luminous pojnt A, is perpendicular to the jdane 
of the mirror and is biseolod by it at the point r, that 
is to say, a r =■ /, which is deducible also from the 

fact tliat the triangles A n r and a n r tire equal to one 
another. Since any pa«ir of rays, tlnit may liave been 
selected for corisiderai ioii, pass to the sann‘ poijit, it 
follows that all the rays pro(*eeding froru A that fall 
upon the mirror can similarly be carried back asihougli 
they proceeded from the single point tf. We ('a,n tliere*- 
fore make the following pr(q)Ositioii as a direct corollary 
of the law c\f reflexioii : — 

All rays that or ced from a hinrhiovf^ aitd fall 

upon a plane mirror^ are reflected from if an if they came 
from a pohd in a porjtcudicnlar drajiped fnm ihc hatiiuo'i'K 
point to the mirror, as far hchlud the reflevtimj surface as 
this is in front of it. 

An observer j»];H*ed in front of luiia'or iH\*eives 
coiisequenily tlie refh'cted rays 
as if the point a, from which 
they a])pear to procet'd, were 
*itself the lumiiiuns point. It 
sees in, that is to say, behind 
the mirror, the 2 ><)int a as tluj 
image of the liiminoiKS point A, 
situated ik front of the mirror. 

In th(‘ same way an inmge 
point behind the mirror ccr- 
responds to each point of every • 
Inminous or illuminated object, 
and out of tlio totality of the 
image-points the corn2)l(jte mirror image or reilexion of 
the object is 2>roduced^ In order to (‘oricejve this image 
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Production of the image* lu a 
mirror. 



RKFLKXION OF LIGHT.. 


31 


ill the mind, or to show it in a drawing (fig. 17), a perpeii- 
diciilar must be conceived to be struck from each point 
of the object to the plane of the mirror, and prolonged 
as far behind it as ilu'se points are*in front of it. In 
such a simple object as an iaTow,yl 7>* (*fig. 17), which may 
l>e selected as an example, it ^s#)nly niquisite to show 
Ihe coiistrnctCiii fiir its terniinal points, A and 7i, by 
which its image a h i« foriiH'd. ‘ An observer situated at 
o n'celves the rays from Ihe point of ihe arrow in tlie 
<hi‘ection A n. o and from tlu‘ otluu- <‘xir(muty in tin; 
direction B p o. Simple inspection of the figure shows 
tliat the image and tli(» object must be of ^‘qual size, 
and must also li(‘ svinmetrically witli rt‘gard to the 
plane of the mirror. 

17. The polished surface of this plate of glass (fig. 18) 
ri<;. 



ac^s as a ^nirror, whilst at the same time it permits 
ihe objects behind it to bc^ semi. If a lightc'd candle bo 
placed on one side tbe image is reflected. If a water 
carafe tilled with water be ]>lac('d behind the glass plate 
in the ax>parent position of the image, the illusory im- 
pression produced of a c nulle burning whilst sub- 
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merged in the interior of the flask. In this simple ex- 
periment lies the explanation of the rermitly attractive 
‘ Ghost phenomena.’ In this class of illusions Iho back 
part of the stage is 'dosed by iiieans of a very largi‘ trans- 
parent pi(*ce of plate-glass, somewhat inclined forwards, 
fbi-ongli which th(‘ ainjioiice perceive tin* pkiycTs feebly 
illniiiiiiatcd. The ‘ ghosts ’ with which ‘they appear to 
communicate are the reflected images of oth(*r persons 
who are concealed from view, and arc* in front nf and 
below the stage; these, howewer, in order to give* 
sufliciently bright reflected images, must be illuminated 
by the elettric or lime light. 

18. In order to direct tlie rays of the sun into iln* 
room in a convenient, that is to sa}', in a horizontal 
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direction, aplane mirror is employt'd. To the opcmUig 
in the shutter is attacdied a board (fig. 10) on the 
inner side of which is a wide horizontal tube, cemtain- 
iiig the a])paratns intended to be used ; externally 
is a mirror, M\ which can be* turned on an axis 
passing between two rods. The* miiTor can be rotated 
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on the one hand around the axis of tlie tube 
by moving the button A in a semi^jircular slit, and on 
( 111 * other hand it can bo inclined to the tube at any 
angle that may be desired by turiftng the button 23, 
which acts on the previously mentioned axis of the 
iniJTor by means of an endless stjrew and rack. It is 
Jill ejisy matter to direct the reflected rays of the sun 
(L rough the tube by manipulating the buttons A and 
/s juid to maintain them 
in that direction notwith- 
standing the progressive 
movement of the sun. This 
ji]»[>aratus is termed a 
Jieliofilat, 

TIi\ 3 perpetual con’ce- 
(ion of the position of the 
mirror by means of the 
liand is, however, not only 
(roublesomc but far too 
uncertain and unsatisfac- 
tory for all experiments re- 
quiring great steadiness in 
the direction of the incident 
rays, A Heliostat has ac- 
< ordingly been constructed , 

, o J of Rcu-'Cl). 

til.: mirror of which is ccm- 

•'^lautly presented to the sun in the same iiosition by 
lueaiis of clockwork. Fig. 20 shows the Heliostat of 
liousch. The axis of the clockw^ork on which the lower 
mirror is supported is placed parallel to the axis of the 
<‘arth, around which, during the daily revolution of the 
earth, the vault of heaven, and with it the sun, appears 
to turn. TJhe idirror is then so placed that the reflected 

D 
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rays of the sun course in this axis, and arc kept un- 
altered in it by th^' movement of the clockwork. By 
means of a second mirror placed above, cajmble of being 
moved into any position that may be required, the beams 
of light can be made to travel in the desired horizontal 
direction. 'J 

It). The principle* of the method, based on the re- 
flexion of light, by which the angles of the surfaces 
of prisms, crystals, etc., are measured may now be 
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described. Fig. 21 represents a horizontal circle, di- 
vided at its bor^ into ; at its middle is a small 
.plate, My which i . evolves, and with which an indicator, 
(Alhidade) Ay pointing to the divisions, is connected. 
A glass prism is placed upon the plate M in such a 
position that its angles and polished surfaces are vertical. 
A small beam of the parallel rays of the sun, directed 
into the chamber through a vertical slit by means of a 
Heliostat, is reflected from the anterior surface an<l 
forms a bright vertical line upon a screen, S, placed at 
the side. The indicator, A, and with it the prism, is 
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now turned until a second surface of the prism reflects 
tiie rays in the same direction, that* is to say, until the 
l)nf?ht line occupies tlie same posilion on the screen. 
The second surface must now of courso occupy the same 
])()sition as the first was in previously. If the second 
sm face be parallel to the first, it % obvious that the in- 
dicator must revolve through 180° to bring the bright 
s])ot to the same plac^, but if the second surface forms 
with the first any^angl(‘ n, tin' objf'ct is attained by a 

revolution c)L‘ 1^0 — /r <legn‘es. In orih‘r therefore to 

• ' 

obtain a knowledge of the angle a between the two 
surfaces of the j^risiii, it is only necessary to subtract the 
angle (»f i<*v<)lution of the iiidi(*a.tor, which can he read 
i»fi'on the divisions of the circumference, from 180°. 

Instruments constrnet(‘d on this principle, and 
adapted for the exact nieasnreinent of the angles at 
which the^urliiccs of prisms are x>laeed to one another, 
are called rrjh'cihuj (/()7tiomrirrs. 

20. As the roflocted rays jiroceed from the image 
behind a mirror exactly as they would from a,n object 
placed in that position, every reflected image must act 
a,s a mal(‘riu.l object in r(‘ga.rd to a second miiTor, and this 
again is in a j)ositioii to furnish a reflected iiryigc. .By 
aiTangiug hvo mirrors so that thei’* rt'flectiug sur- 
faces arc turned towards each othen, tliere are ]u*o-* 
duced, b(‘si(les the twi^* reflected, images of the first 
or<Jer, still others of the second, third, and higher oi’dcrs, 
'^liich, however, continually become fainter in couse- 
cpnnu'C of the loss of light. Hence Avheu a liglited 
cand](‘ is held between two mirrors ji^aced opx)osite to 
one anotlior, we see an indefinite succession <d* flames 
which af)pear to be lost in infinite distance. The nuin- 
laa’ of reflections becomes limited as soon as the two 
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mirrors form an anj?le with each other. Tii fi<x. 22 
the two mirrors fi.riiish the reflexions of the first 
order, B and 7/, of the object situated between them. 
Since th(^ ima^e li behind the first mirror sends its rays 
to the second mirror, this gives an image or reflexion 
of the second order, and similarly, the first mirror 
gives a reflexion, 0, ' of the image B\ An observer 
iO) placed between the mirror^ sees the reflexions, 
ill addition to the object, regularly, disposed upon a 

circle described around tl'e 
rit-- point of decussation of tli(‘ 

two mirrors, an image ap- 
pearing at each angle sj)ace 
wliie.h is equal to the angles 
of tlu* two mirrors, Th<‘ ob- 
server, O, therefore, set^stlu; 
object as often as tlie angU* 
between the two mirrors is 
contained in GGO®. 

The ]>r(*tty effects ob- 
tained in the well-known 
plaything termed the ha- 
AiijpUur mirror. leifJoficope pesult from the 

regular disposition of the 
images reflected liy mirrors plac('d at an angle. An 
instrument of this kind may be purchased for a few penc<* 
in every toyshop. It is posed of a papier-mach tub\‘ 
in which are two mirrors inclined to one another at 
an angle of 60°. To the front end is attached a cajy, 
capable of being rotated and containing in its interior 
two plates of glass, the outer one of which is ground 
dull. Between the two plates are a number of pieces 
of differently coloured glass, and other small variegated 
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«>l>j<*cts. If the tube be placed in a horizontal position, 
and the plate of ground glass illuminated with a 
[•owerful light, a six-rayed star will be seen upon the 
opposite screen, decoratt^d with tlie richest ornamenta- 
tion.* This is the reflexion in the mirrors of tlu‘ 
fragments of ^lass which are (?t)mbined to form this 
regular mosaic. If the cap be •turned, the ]>ieces of 
glass constantly form* new combinations, and thus an 
iii(*xhaustibl(i succession of the most delicate forms are 
<}J>tained which the liveliest fancy could scarce! 3 ^ invent. 
What may in this wa}" be represented for a large 
number of iJ(‘rsons, as if it were an obj(Jct on flie screen, 
cjui also of (‘ourse bo seen sc'paratelj^ by every one who 
looks into the tube for himself. 

:21. Not only this ingenious pla 3 "thing, but an iii- 
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^ ^ rriiiciplc of thf luirriT si-xtant. • 

«fnnrient of high practical value, is founded on the 
^nitiial action of two mirrors plac(‘d at an aiigle to one 
iiuother. In fig. 28, A and B are two small inirnu's, 

* In this oxpcTiment a Ions of short focus is placed at the front end of 
i'he kah'idoHcfipo. • 
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the reflecting surfaces of which are turned towards 
each other. If two ^objects are placed at L and is!, of 
which the former is visible to an observer at O, above 
the edge of the mirror jR, in the direction 01?, the 
mirror A may have such a position given to it that 
Ihe light coming from' h roaches the eye after double 
reflexion in the direction R A B 0, and consequently 
two objects nre seen in the same direction, O 7?, tlie one 
direct, the other reflected. Thus it results from the law 
of reflexion that the angle a which is included by tlu) 
visual lines extending from the eye to L and ii, is exact! if 
twice as large as the amjle which the two planes of the 
mirrors form with one another.^' In order to measure 
the angle /? coiivoniently, the mir- 
ror A is made to rotate around the 
axis of a divided arc, M iV, and 
is conm'cted with an indicator, A Z. 
Tlu‘ mirror 7? is permanently fixed 
on tlie plane of the arc parallel 
to the radius A 3/ which goes to 
the zero of the division. If any 

llirroi r,rr.fl.-ting sextant. »>'oject, L, bt) DOW looked at ill tllO 

direction O L through a telescope 
attached to the irr.trumeiit (fig. 24) and the indicator, 
and witJi it the mirror, he rotated until the irnagii of H 
is seen in this direction, twice tbe angle read ofl* by the 

* If the ijfTpcndioTilars A K aiul U if MifP.cicully prfdon; M cui, 

one fiTiotlicr in tin* jioinl I> at an .ni<;Ie jS are erected upon tl>e mirror planes, 
it follows if ^ and if/ indicrjite the of ineitienet' of tlie rays 7i*A and A 17 
on the mirrors A and B from the consideration of the triangle A B D 

and from the consideration of the triangle A O B 

from whence it immediately follows that a =23. 
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indicator immediately gives tlie angle wbicli the visual 
dues directed towards L and It for^i with each other. 

This ingenious angh; measurer, conceived by New- 
ton and constructed by Hadley, is termed the reflect unj 
iie.rt(niL It is superior to other instruments made for 
this purpose because it needs support, but during 
tlit^ act of ineiisuring the angle .can be held freely in 
the hand. Hence for nautical purposes it is the only 
available angle-measuring instrument. By means of 
tlu‘ r<‘ll(H'ting soxtfint the seafairer inakt's those mcasure- 
ineiits by Avhich he diitermines the latitude and longi- 
tude of his ship. The two almost invisible mirrors 
enable him to pursue his predetermined course through 
the pathless waste of watc^rs. 
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CITAPTER IV. 


jj' 


fiPHEKlCAIj MIIUIORS. 

22. A spliorical shell, the inner surface of which js 
highly polished, is called a spherical concave mirror, 
11 may bc'regardcd as a portion of a hollow sphere cut 
off by a plane M M\ fig. 25. A perpendicular, c d, let 
fall from the centre, c, of the 
sphere of which the mirror is a 
segment upon this plane, will 
strike the middle point of the 
mirror, and is termed its p/*m- 
cipal a,cls. The angle M c M\ 
which the lilies Me and J/'c, 
drawn from two diametrically 
' opposite 2 )oints of the j)cri 2 )hery 
of the mirror to the centre of the sjihere form Avith one 
another^ is callevl the aperiare of the mirror. In 
practice, only iniirors of small ajicrture arp in use, in 
which this angle amounts at most to six or eight degrees, 
and the remarks here made will only have reference to 
these. 

If a beam of parallel solar rays, thrown horizontally 
into the chamber by means of the Heliostat, bo allowed 
to Ml upon a concave mirror with small a]ierture 
parallel to its axis (fig. 26), it will be seen — for the 
path of the rays can be distinctly followed by the illu- 


C*ijicii\o nnrr-.r. 
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iiiination of the particles of dust always present in the 
air of a room — that it is reflected yi the form of a cone 
of lig^ht, the apex of which, litis in front of the mirror 
Hi this axis. This point, throug-h which all the rays 
falliim on the mirror parallel 

. . , Flti. 20. 

to its axis pass alter rellexioil, ^ 
is called the Jhcns. J t becomes , 
brilliantly luminous if I thr(>w 
some dust into the air in its 
vicinity. Jt appears as a white 
s[>ot of dazzling brilliancy when 
a white sheet of paper is held in it, and the wreaths 
of smoke tliat are now rising from it show you that 
the pap(n' has caiiglitfire in the intense heat of the rays 
collected at this point, and that it has consequenlly 
been appropriately named the focus or burning-point 
iliivimpuiikt;. The space intervening between the 
focus and the mirror — the focal distance — can easily 
he measured, and is flnind to be equal to half the radius 
of curvature of the mirror, or in otlnu’ words, the focus 
lies midway between the mirror and the centre of the 
circle of which it is a segment. * 

2-‘>. The reflexion of a ray of light from a cfirved 
surface follows the same law as fnnq a plane 'feurface ; 
the ])ortiou of the curve which immediately suiTOunds 
tJK‘ nirtiute point of incidence on that each ray of liglit 
iuipinges can alone be considered to act as a reflector. 
'i'h(‘ smaller we admit tlie superficial area of this i>art to 
be — and we may conceive it to be as small as we please 
— so much the more accurately can we regard it as a. 
small plane mirror, and the perpendicular erected upon 
this is then the axis of incidence in regard to which 
the incident aiid the reflected ray behave as has been 
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stated. Concave differ only from plane mirrors in the 
circumstance that ^ach point has its own axis ot 
incidence. 

Since every radius of a spherical surface is perpen- 
dicular to the surface where it meets it, we obtain 
ihe axis of incidence ♦ f 'a siJierical concave mirror by 
simply drawiiii^ the corresponding radius to the point 
of incidence. 

In a concave mirror of small aperture the a. res of 
incidence^ that is to satfy the radii, are more and more 
stronghf inclined to the principal axis in proportion as 
the corrosphndin(j points of the mirror are more distant 
from it. Hence every ray of light running j)arallel to the 
axis must be inclined from its original direction more 
and more strongly towards tlie axis in proportion as it 
strikes the mirror at a point more distant from the 
axis. This, which is clearly exhibited in fig. 20, ex- 
plains why all I'cjys falling on the mirror parallel to its 
axis must pass tliriUigh a single x>oini after reflexion. 

24. From the above-mentioned direction of the axes 
of incidenc<N it follows further that all rays proceeding 
fi’om a point jiass through a single point after reflexion, 
because they undtjrgo a change in their direction greater 
in proportion as the point of the mirror struck is dis- 
tant from the principal axis. 


i:-- 


Conjnprotc 

In the concave mirror, fig. 27, which is supijorted 
on a stand, two indicators (omitted in tlie figure) point 
to the principal focus F, and the centre of the sphere c. 
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At the point A in the axis, the light of an electric lamp 
is placed, which, to protect the j^ye from its glare, is 
♦Miclosed in a box having only a round opening on the 
side tnrjiod towards the mirror. A diverging cone of 
rays proceeding from the liuninons point A passes to the 
inirror and is ndlected forwaitli^pfroin it as a converging 
con(‘, the jipex of which lies at a pi the axis of the inirror, 
L(‘tw(‘iiii the focus apd the c<ni1re of the sphere. This 
point of unitm of the reilecied rays is called the innige 
of the point A.* if the luiiiinous point A be approxi- 

' mated to the mirror, the point at which the rays unite, 

</, retreats from the inirror towards the ceiitvo C; if the 
luniiiious point be pla(*.ed at f \ evtn’y ray it emits strike’s 
perpendicularly ii] on the surtace of the mirror, and 
is llierefore reflected upon iiself; and thus, when it is 
situated in tlie centre of llu’ circle of curvature, the 
lighi. anil tin* reilecied imago of the light are coincident. 
If, on the oilier hand, the light he removiMl from A to a 
greater distance Iroiu the mirror, its image’ continnes 
to approach the focal point, and would ultimately 
ciiincide with it we re it possible to remove the light to 
all infinite distance. Tlieremoyil of the Inminous point 
to infinite distance, which it is of course impossible to 
accomplish, has been efiected, however* in tlie going 
experiment (fig. 26), for ra,ys whicli rim parallel with 
fhe a;cis fiiay be n’garded as coming from a point on 
the axis at an infinite distance, and they are, as has 

• been seen, united in the focus. , 

• It is ftirther intelligible that rays of light which, 

* proceeding from the point a, strike upon the mirror, arc , 
reflected to the i>oiiit A, pursuing the same course but 
in the opposite direction ; in other words, if a luminous 
point a lies hetwiien the focus and the centre of the 
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sphere, its image is situaied at A on the other side ul* 
the centre. The twoipoiiits, A and a, are thus so asso- 
ciated that r/frh coUHtilntaH the imarje of the other, and they 
cjo hen(*e called corresponding or c*on jugate foci. To 
the focus itself consequently, an infinitely remote point is 
conjugate; that is to say,’ rays which proceed from tin* 
focus and strike the mirror are reflected i)ar:illel to th(‘ 
principal axis to an infinitely remote distance. If we 
place the luminous point {A, fig. 2S) nearer than the locus 
to the mirror, this is no longer capable* of collecting the 


Fig. 28. 
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too strongly diverging rays, and the reflected rays 
diverge? as if they 2 >roceeded from a 2 )oint a, situated 
behind the mirror; and so conversely, simje rays which 
converge towards a point a behind ihe mirror, are 
united in the ptaipt A in front of the mirror, the two 
points A and a may be regard(‘d as conjugatQ joints. 

25. Hitherto the case of lui'iiinous points lying in 
the principal axis of the mirror has alone beem con- 
sidefred. Tlie ole(*iric lamp must now be jdaced in such 
a i)Osition that its luminous i^oint lies above the axis (at, 
A, fig. 29). It will then be seen tliat the relic *cted rays 
unite in a single 2 )oint B, but this lies below the axis on 
the straight line which may be conceived to be drawn 
from the luminous point A, through the cen|ire of the? 
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.^Dliere 0, to the mirror. Amongst all the rays which 
proceed from A and strike upon tljss mirror, that passing 
Liirough C is the only one that falls perpendicularly upon 
the iniiTor, and is therefore reliectc^d upon itself. The 
.straight line, A (J, holds therelbre the same relation to 





tlit‘ ])rincipal laterally-situated point A a.s the axis, C F, 
iiiis to the XR'^^viously-considered position of the luini- 
lions point; it is termed therefore the seamdary axis cor- 
responding to the i)oint A. For every secjondary axis, 
the nunpber of wdiich is of course iutinite, the same 
holds that Inis alr<-ady b(»en stated in r«iference to the 
<'hief axis, each, lor example, has its own focus in 
which the I'ays parallel with it meet. 

The i>eeuliarities of concave mirrors, as fir as they 
have hitherto been considered, In ay be summed up in 
the following propositions : All rays that, before they 
liill upon the mirror, from -a jioint or travel 

towards a.xioint, pass, after reflexion, through a single 
point (bitlier actually or when prolonged) which lies on the 
{pxis^ corresponding to the first point. These two points 
are so conjugated that the one is thc‘ image of the otlier. 
• 2G. Inasmuch as to every point of a luminous or 

illuminated object situated in front of a concave mirror 
there is a corresponding iuiage-xioint situated on the 
axis belonging to it, it follows that from the collection 
of all the^imagfe-points an image of the object results. 
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Now let a lighted candle be placed between the focus 
and the centre of curvedure of the mirror* (lig. 80), The 
place of the image can easily be found by moving to and 
fro a i)aper screen," situated on the other side of the 
centre of curvature, and j)rotected Irom the direct rays 

^ I’lu. yo. 





of the llaine by a small blackened metal disk. An ta- 
verted and enlarged win go of the flame is then obtained 
upon the screen, as is shown in fig,»»81, in which the 
course of the rays of light for the point Ji of the object 
A B is indicat(?d, showing how the inverted enlarged 
image a h is formed. 

^ . t - • lie. S) 



Prodneiion of rool images. ' 

If, as in this figure, all the points of the object ain* 
found in a single plane (A B) perpendicular to the axis, 
the points of the image (always presujiposing the 

* Tn tlir'. fipfure the focus is fouml over the muulier. 132, the centre of 
tlie curvat«re over 120. • * 
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apC'l’ture of tlie mirror to be small) lie also in a plane* 
perpendicular to the axis. It is oWioiis also, from the 
di-awin^, that ima.pfc and object are similar to each 
either, and their relative sizers are as tlieir distances from 
the mirror. 

Sup]K)sinf^ a h to bo an object situated at 'more than 
liricv, the J neat dlfiianre from the mirror, an invedad and, 
dimiwkhvd iiiia^o at A' H will eorresj)ond to it, lying be- 
hve<‘n the focal }x>int and the centre* of curvature. Tin* 
j'lirtlier tlu* obj(ict is from the mirror the closer is the 
image to the focus, and the image of an indefinitely 
remote object, of a star for example, is situated in the 
focal point itself. 

TJk'SC images arc, however, essentially dilferent from 
tlufse of plane mirrors. They are lu’odnced hy tlie 
actual iiuioii in front e/‘the mirror of t lie rays proceeding 
Inmi every point of the object. They may be rcjceived 
u])()n a screen and thus he made visihl(* on all sides by 
ditfusi* reflexion, as if the imago were itself a luminous 
object. Such images are consequcutl}' call(*d actual or 
real images. The images of plane mirrors, on tln'othm 
hand, are produc(*d by rays whhdi appear to proceed 
from points lying behind the surface of the mirror, and 
are only seen when these rays pass directly into the 
eye. Thesp are conseipioiitly lerinod apparent or virtual 
images'. 

. Itefil images may be dirc'ctly seen without any 
Vcci[>ient screen if the observer be in the path of xho 
rays which are again diverging aftt*r the uni tin of the 
)»oiiits of the image. The image a.])peaTs in these cases 
to float in the air in front of the mirror. Aerial images 
of tliis kind produce tlio most surjuising jdieiiomena. 
For example, boatitiful bunch of llowei’S may'^ be made 
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to float over a table ; it is the real image of a group of 
artificial flowers pldbed in an inverted position before a 
concave mirror and strongly illnminatod, but concealed 
Iroin the eye. If now a vase be placed u])on the table 
in which the bunch appears to be inserted, it can easily 
be shown by moving ttie head to and fro^ that the bunch 
remains in the vase, proving therefore that the imago 
is in front of the mirror directly above* the vase. 

27. Concave mirrors only iiirnisli real images of 
objects which are more distant than the principal focirj 
from the mirror. They can only give an apparent 
or virtual image of any object wliicli is n(\irer than the 

riG. a2. 


a 



principal focus, bdeause the rays of light coming from 
c^^ch point are reflected in a diverging manner (see 
fig. 28), and this image appears<to an eye looking into 
the mirror as erect, behind the surface of the ini'Tor,.. 
and* larger than the object. Fig. ^12 shows the couT’se 
of the rays in the opposite case. In consequence of 
this enlarging action, concave mirrors are termed mag- 
nifying mirrors, and are often employed in the toilet as 
shaving-glasses, etc. An object placed at the principal 
focus of the mirror gives neither a real nor* a virtual 
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iiiia^^(S for tlic rays proceeding from each part of it are 
reflected parallel to their own secondary axes. If a. 
source of light be brought into the principal focus of' 
a concave mirror, the reflected rays* proceed to groat 
distances unimpaired in brilliancy, because they run 
fogtdhcr as parallel rays. Heiiee the api)lication of 
(‘oncjive mirrors as reflectors (ItewTberen, see fig. 4, (>) 
for the electric illumii>ation of workshoi^s during uighl 
woj'k, and for lighthouses. 

28. In spherical convex mirrors the reflexion takes 
place on the outside of the curved surface of a section 
<»r a sphere. If the iqjerture of 11 »e mirror be small, the 
rjiys proc()cdiiig from, or passing to, any point diverge 
iiior(» strongly in exact proportion as they fall on the 
mirror more remotely from the Jixis, and therefore also, 
after reflexion, pass through a single (real or \ii'tual) 
image poiilt. 

Hays which fall ])ara11el to a (principal or secondary) 
axis on a convex mirror (fig. So) diverge after reflexion 
a.s if they proceeded from 
a point which lu>-s on 
fhc axis about half the 
length of the radius of 
<*urvature behind the sur- 
fjn*(‘ of the .mirror. This 
may be* termed the vif- 
1 uifl principal focus. Con- 
vcTs^dy, a qoiie of rays 
converging to this point are reflected as a paralkd beam. 
Rays which converge still more strongly, that is to say, 
to a, point nearer to the back of the mirror, remain con- 
vergent after reflexion, and nnito in a ])oint in front of 
the mirror. , Thife, for example, in fig. 84 the cone of rays 

K 


Fig. .'J J, 



Virtual i>rmci)Ki1 focus of a convex 
mirror. 
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l)assiiig to the point h behind the mirror, are rehected 
towards the point 1> in front of the mirror. If the rays 


ruj.rn. - 



rroduction of si virtuiil inmgi* boliimi a 
coint'X mirr<T. 


proceed from a point lying 
in front of the mirror, they 
strike it divergingly, and 
are always rehected still 
more divergingly. Of any 
object, whatever may be its 
]>osition in front of the 
mirror, only a virtual erefj, 


huaye can therefore be obtained, and tliis is perceived 


behind the snrlace of the mirror and somewhat nearer 


to it lhau the virtual x>rincipal focus (tig. 34). Since 
the image is always smaller than the object, a convex 
niirror is teinned a mirror, and, on account 

of its iiroduciiig iiretty images, is used as a table toilet 


mirror. 


APPENDIX TO CHAPTER IV. 


Ir I not difficult to deduce the |)roj)ositioiis resj)ecting the 
actiGii of spherical mirrors of small aperture from simple geo- 
metriv.fc’ coi.sidentions connected with the law of reflexion, and 



thus to give them a theoretical 
basis. Before entering upon 
these considerations, this op- 
portunity may be taken ^ of de- 
scribing the best njcthod of ex- 
pressing the size of any angle. 
The measure ol‘ an angle is the 


length n (fig. 35 ) of the arc of a circle included between the straight 
lines containing the angle, drawn with a radius of any length which 
is taken as unity, and having its centre at the apex of the angle- 
Upon a second circle described with a radius^ C A 5 = p, the apex 
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of the angle being again the centre, the same angle corresponds to 
the arc A B = which holds the same ?elation to tlie arc « as 
does the radius p to the radius 1. From the ratio 
a : & = 1 : p, 

however, it follows that « = ~ ; that is to say, tlip size of any 

• P 

angle A C or the length of arc (Jorrcsponding to it in a 
circle having a radius of f, is always found by describing around 
the apex of tlio angle a given circle, and dividing the length of 
arc h ]»etweeri the linflis by the radius p. 

If If oin the point where one of the limbs cuts the circle, 
a perpendicular h b(i h‘t fall u]»on the second leg, •this, if the 
(WfjJe (it C be very small, is nearly 
C(]UJil to the arc h, an<l can 1 k‘ used in- 
stead ol it without appreciable error. 

It may \)e admitted, that is, a = 

P 

as the measm-e of the angle A C Ji, 

Now let a h (fig oG) be a ray of 
light ibnniug with the radius C h 
(the axis of i ncidonco),# the angle /, the reflected ray 6 r/ makes 
with tlie axis of iiuadencc the c'orrespondirrg and cijual Jingle r. 
The angle .r, wliicli the nidius C b Jiiid axis include, is obviously 
cipial to the jingle /, and coiiscijuently also to the angle r. ^I^)ro- 
o'ler, till! angle b Fd wliich the reflected ray fornis w^tli tjyi axis 
is c{|ujil to the angle a b F, and thus it is equ&l to / + r, or what 
is the same thing, 

• b F»d ~ 

• 

li^«l perpendicular k be now conceived to fall from b u]ion the 
Jixis of the mi];ror, and if the radius of the mirror bo indicated 
the sign p, the angle x may be expressed as follows, 

k 



Dctmiiiiuitioit of tin- p(*'-itiou of n 
Itniicipitl focul pdinl. 


find consequently 

• bFd = 2~; 

• • P 
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and it is now clear that the angle bFd, that is to say, the diver- 
fff’ticc of the reflected rA?/ from its original direction is propor- 
tional to the distance 1c of the point ol‘ incidence from the axis 
of the mirror. • 

The angle bFdmay^ however, be expressed in another way ; 
for example, it may bo said • 

« 

or again, bocause on account of llm smallness of the angle hFd 
the line b V is scarcely difierent from th^ focal distance d F 
which we indicate by f 

. bF<l=.-f 

This expression, compared witli the above, leads to tlie equation 



which enables the i>osition of the point i^, wlierc the reflected ray 
cuts the axis, to be dotennined. But since the magnitude 
becaus(‘ it appears as a tactor on both sides of the equation, may 
be eliminated, it is obvious that the position of the point of inci- 
dence /3 has no influence upon the determination of the point F \ 


-A 

Determination of tho pO'.ition orconjnpate point's. 

that is to Sc'iy, all rays coursing pirallel to tho axis jiaaiS aftev 
reflexion through one and the same point F, situUted upon* the 
axis, the distance f of which from the mirror is determined by 
the e»juation, 
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The focal distance is consequeyithf equal to half the radius, 
ir we now consider any ray A h, procetiding from the point A, 
making (fig. 37) the angle a with the axis, we shall find tliat it is 

so ivili cted ill the point h that the angle yf incidence and tluj 

angle of reflexion arc both = c, and the reflected ray cuts the 
axis at the point B at an angle /3. ]f now the angle which the 
axis of incidence^ drawn towards h makes with the axis be in- 
dicarcd by y, wc obtain, because is -the external angle of the 
tnangle JiCb and y is tlie external angle of the triangle C A bj 
tlie two i'tpiatioiis, 

/3 = y + 2 

a = y — f , 

which added together make 

a -h b = 2y; 


that is to say, for even/ point of the mirror the sum of the angles 
v'hiJi the incident and the reflected ray make with the axis is 
itia/tn\dde, and is indeed equal to the drjieeiion ivhich the ray 
passing to ike focal point experiences at the jn/inL 

If now the focal length of the mirror he indicated hy f and 
its radius conse(|ueiil ly by 2f and further, the distance of the 
Inniinous point dA (= by a, the distance dB (= b B) of 
the iinage-j)oint by and the perpendicular let fall from the 
j)oint of incadence h upon the axis, by Z’, we obtain from the 
ahove-inentioncd iiiclhod of measuring flie angles, 


a 




and consequehtly if these are arranged in the ccpiation 



sindh the cominoii factor k may be eliminated, 



This very circumstance, that the magnitude A', which alone 
refers to the position, whatever that may be, of the point of 
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incidence, is removable from the equation, supplies the proof that 
all rays proceeding fro^ii the point wherever they may strike 
the mirror, are united in the selfsame ix)int B. 

From the form ol‘ this equation, which ex])rosses in the 
simplest manner the opposite relation of two conjugated points, it 
is further evident that the light- point and the image-point are 
mutually in t er chan geabl e . 

The deviation Avhich * the ray incident in b experiences is 2(). 
But from the above equation, it results, that 


/3- « 



. 1 ' 

ay 


The accuracy of the statement above made, tbat the deflections 
v;hich the ra/js proceeding Jrmn anij point ej'pcnencc are propoj'- 
tional to the distances of the points of incidence from the axis of 
the mirror, is thus rendered evident. 

Tn order to determine the position and size of the imag»- by 
construction it is not necessary to draw a great number of i.ty.>, 
as in hgs. 51, 52, and 54; but only two rays lor cpch point of 





nirtinn showing the for .nation of tho imago. 

jhe imago, because the others necessarily meet at point where 
these decussate. The two rays sele:;;te(l should be such as to 
make the construction as neat and ccjiivenitmt as possible. In 
fig. »3S the object whose image is to be determiu(‘d is a straight 
line A a, perpendicular to the principal axis. Let the secondary 
axis A C be drawn to the point A ; tin; ray coursing in this 
axis is of course reflected upon itself. Now lot the ray parallel 
to the priricipal axis bo drawn; this passes a n.er reflexion through 
the princir^al focus, and the image of the point A required lies at 
the point By where it cuts the secondary axis A. C, and if B b be 
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lot fall perpendicularly to the chief axis we obtain m Bh the 
image of the object A a, • 

The course of all other rays proceeding from A may now be 
followed with facility. Thus, lor examj)l«, the ray A o, which 
strikes the centre of the mirror o, is reflected in the direction o B. 
And as at the point o the principal axis is the axis of incidence, 
tln,‘ angle Aoa ii equal to the angle Bob. If the magnitude 
ot‘ the object A a be indicated by the* sign /), the magnitude of 
tlie image B h by the sigft and the distances of the object and 
of tlie image from the mirror as before by tlie signs a and it is 
. 'ilear that 

p : q = a : b; 

lliat is to sjiy, the size of the object fiUtnds in the samB relation to 
the size of the image as the distance of the former from the mirror 
ts to the distance of the latter from the mirror^ a ]>roposition that 
holds equally for the virtual as for the real image. The equa- 
tions that have b(‘en deduced in Ihe case of concave mirrors hold 
also for convex ones, if the virtual focal distance be rogardi‘d as 
negative, that is to say, as — / instead of/. 
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CnAPTEE V. 

REFRACTION.' 

29, The adjoining figure (fig. 39) represents a cubic 
vessel the sides of which are made of glass. A 
beam of parallel rays of light from the sun directed 
horizontally into the room by means of the Heliostat 


PlO. oO. 



is^ thrown obliquely upon the surface of the water by 
a small mirror. A part of the rays is, in accord- 
ance with known laws, reflected at the surface of the ^ 
water, whilst another portion penetrates it*; this la‘;t, 
however, does not pursue a course directly continuous" 
with the incident rays, but follows a steeper, though still 
always straight direction.* 

* The course of the incidiTit and reflected rays of* lifjlit. in t})e air is 
rcMuil} rcoo;jhised by tjic illumiii.ition of floiitinjj part?cU‘.s of dust, and in 
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It thus appears that the rAys of light, as they pass 
from the air into the water, are btiht or refracted, and 
the term refraction is accordingly einj)loyed to indicate 
the phenomenon that is here observed. 

The deviation of the refracted beam of light from 
its original direction is smaller in j^roportion as by 
turning the mirror A the rays tire made to fall more 
veHically upon the surface of the water until, when they 
come to fall qui^o perpendicularly, they undergo no 
^fhaiige of direction at all, the rays that enter the water 
pursuing the same direction they previously had in the 
air. 

In order to follow the exact course of a ray of 
light as it passes from the air into water, or gencr- 


Vio, 10 . 



Angles of incidence and of refraction. 

idly from any one transparent medium into another, let 
any point, n (fig. 40) be taken, where the incident ray 

order to inuk^ it .ijJJ)aront in tlio water a small quantity of a fiuorosceut 
substance, a^ciilin, may be added. 
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strikes the surface, and upon this erect the perpendicu- 
lar or axis of iiicidtinee, nmy and let this be prolonged 
into the second inediuni {nm'). We now observe, in 
the first place, that the plane which contains the incident 
ray and- the ajis of incidence^ always also contains the 
refracted ray. It is hence termed the vlane of refrac- 
tion* The direction of the ray is determined by the 
angle which the ray makes with the axis of incidence, 
namely by the a^iyle of incidence i^ and the anyle of 
refractio7i r. The angle d between the refracted ray 
n q and the continuation n p' of the incident ray, 
gives the amount of deflection which Die ray under- 
goes in its refraction. 

30. From the experiment given above it may be in- 
ferred that in the passage of a beam of light from air 
into water the angle of refraction is always less than 
the angle of incidence, and that if the angle of inci- 
dence inci’easos, the angle of refraction and the deflec- 
tion of the ray also increase. In order to obtain a 
more thorough insight into the whole i)rocess the rela- 
tion that exists between the size of the angle of inci- 
dence and that of the angle of 
Fig. 41, ^ refraction must be investigated, 

-rTcT^ and to accomjdish this it is 
^ necessary to measure the two 
angles in question. 

k ' 'll shows a convenient 

l|li apparatus for this purpose. *The 
flat side of a semicircular vessel 

Appara+ns for (Ic'nifm'strating the . i /• i i j 

law (jf refractioi IS made ot glass, rendered 

opaque except at the centre, 
where there is a vertical transparent slit. The internal 
surface of the semicircular wall is divided into 90* 
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towards each side, commencing from a point exactly 
opposite tlie slit. The vessel is h*alf filled with water : 
tlio upper half of a horizontal beam of light, entering 
ilie vessel through the slit, pursues* its original course 
above the level of the water, the lower half, on the other 
hand, experiences refraction in th^^ water. The glass 
plate a 5* represents the limilkig ri‘fracting jdane be- 
tween llie exteiaial air a.nd tlie wafer, and the horizon- 
tal line drawn frcjin the zero })oint of the scale to the slit, 
fho axis of incidence. By making the vessel assume 
<lifferent positions in relation to the incident rays, the 
angle of incidence can be varied to any extent, and the 
angle of incidence of the ray passing over the surface of 
the water, aaid the angle of ndraction t)f the ray passing 
through the water, can be read oft* on ilie scale. 

We find, for example, with an angle of incidence of 


15” the angle 

of refraction 

is 11-r 

30” 


22° 

60” 

9J 

40 i 

75” 

99 

401'’ 


31. In accordance with this little table, the arf^leof 
incidence i being equal to 60% the *iiIglo 5f refraction 
r=4()i°. If we now describe, in the plane of refraction, 
a circle with the point* of incidence n as centre, and let 
/all from the points a and 5, at which the incident and 
• refracted rays cut the circle, the perpendiculars ad and 
upon file axis of incidence, it follows that hf is 
exactly | of ad, or ad of hf. On repeating this 
construction for all the pairs of angles in the above 

* It will presently be shown lluit this exercises no influence on the 
direction o^the rajs traverbing it. 
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table, wo constantly find that the 

spondmg to the angle of incidence is Ccnicflg 4 as large 
as that belonging to the angle of refraction. The number 
^ ^ or 1^, which may be regarded as 

the piea-sure for the amount of re- 
fraction light un d ergocs in passi n g 
/ \ from air into water, is termed tin; 

^ inde^r of refrnrlion, or the coefficient 
' / ■“ ofrefractionof n'^ifer. In passing 

X- - from air into glass the rays of light’' 
^ j ; ; are more strongly niractod, and 

the rdation of* these two 2 >erperi- 
diculars is cx})n‘ssed by the frac- 
tion -I or 1*5. In this way every transj)arent substance 
has its own refractive power. The following table 
shows, in regard to a few of these, the ratio of refrac- 
tion for liglit in passing into them from air: — 


J^aw of rcirutti' 


Water 

l-3:]:l 

Alcohol . . . • * 

1-J3G5 

Canada balsam . 

l-oiJO 

Carbonic disuiphide . 

1-G:31 

Crown glass 

l-o30 

Fhrit glass (Frfiunliofer) . 

1*G35 

Flint glass (Merz) 

1-7J12 

Diamond . - . • . 

2*487 


111 geometry the p(;rpendiciilars a fZ and hf (fig. -42],, 
when the radius of the circle = 1, are termed the 
* sines^ of the angles i and r, and the law of refraction'^ 
can be expressed in the following terms : 

The sines of the angle of incidence and refraction 
stand in an invariable relation to each other. 

If the ratio of refraction be designa^d by n, this 
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law can be rendered easily intelligible by the following 
simple expression — * 

sin i = n sin r, 

rliat is to say, the sine of the angle of incidence is equal 
1 > u, multiplied into the sine (rf the angle of refraction. 

ii' the angie of incidence be very small, by so much 
tlie smaller is the angle of refraction, fur then the arcs 
liich correspond to these angles do not materially 
(litter from the •sines, and may therefore be taken 
"instead of them, and then the law of refraction assumes 
a still simpler form, naimdy — 

i = n r, 

that is to say, with m^arly perpendicular incidence of 
the ray, the tingle of iiundeuce is n times as great as 
the corresponding angle of refraction. 

'"12. Hitluirto the passage of light from air into a 
thiid or solid medium whci'C, as already stated, the re- 


b'lG. 4;;. 



fracted ray constantly approaches the axis of incidence 
has alone been considered. In ordcjr now to acquire 
n knowledge of the converse, namely, of the course 
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taken by light in passing from water into air, the cubic 
glass vessel (fig. 4i5) Innst again be employed, and the 
little mirror 7/ whicli receives the beam of light directed 
vertically downwards by the mirror A, and reflects it 
upwards against the surface of the water, must be placed 
beneath ihe surface of the water. Tlie beam, when it 
strikes the surface of tha water at if from below, breaks up 
into a reflected beam which returns through the water, 
and into a refracted beam which passes ont into the 
air. This last, the course of which may b(^ easily ^ 
followed both by the illuminated particles of dnst in thr 
air and by* the spot of light which falls on the lid or on 
the opposite wall, runs in a more oblique direction than 
the incident beam I? if. A beam of light therefore* 
passing from water inix> air is thus, by refraction, d('- 
flected /roni the perpendicular ; in fact, as may readily 
be demonstrated by measuring the angles, it follows 
an exactly inverse ]>ath to a ray entering water from 
air. Fig. 42 therefore serves to exhibit the opjrosite 
course, where bn is the ray of light \ihich is traversing 
the water, and n I the ray refracted as it emerges into ihfj 
air. r will of course ^then be the angle of incidence, 
and i the corresponding angle of refraction ; and so it 
appears th&t if'-J f(or, speaking generally) expresscvs 
the refraction that light undergoes in passing from air 

into water (or any other iransparent substance) | (or ^ 

represents the same for the passage from water (or this ’ 
other substance) into air. " ^ 

By rotating the mirror Ji the ray 7? M may be made 
to strike more and more obliquely against the surface 0 +' 
the water ; the emergent ray becomes similarly more 
and more deflected from the perpendicukir, and conse- 
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qnently more and more approximated to the surface oi 
the water. It is not difficult in this way to make the 
li^ht spot, which enables ns to follow the course of the 
emergent ray, strike upon the wall of the vessel towards 
(] in the line of division between the air and the water. 
The emergent beam now passes along the surface of tlio 
water, and its angle of refraction amounts to 90°. It 
(*aimot, however, be infracted through an angle greater 
than 90°, because^ this is the limit of the possibility of 
refraction. Hence if the beam BM be directed still 
a little more obliquely to tlie surface of the w^ater, no 
inorf' light passes out into the air, the surface of the 
water proving absolutely impenetrable to su(?h v(*ry 
<»hliquely falling rays. It may at the same time be re- 
uiarkcd that at the moment wIkmi by the rotation of tin? 
mirror B the limits of refraction are overstej^ped and 
tJie light*spot at C at the surface of the water vanishes, 
the ray MD, reflected inwards, which np to this time 
has been much fainter than the iiicidtmt ray B 3/, 
ftudiJenly gains in Intensity and becomes just as bright 
as the incident ray. This is due To the cireum stance 
that the light of the beam BM, being no longer divided 
into a reflected and a refracted portion, tlie latter is 
added without lofiii to the former, and •the bea.in is said 
to undergg total rcjkxio’n. The angle of incidence at 
which refraction ceases* and total reflexion commences 
i« termed the critical angle. This amounts in the 
*ca.se of water to 48° 85', for glass to 40° 49', and for the 
,diainond to 28° 48'. A surface at wliich total reflexion 
occurs constitutes the most perfect miiTor we possess. 
And now let a glass prism (fig. 4t) which in section forms 
a right-angled triangle with equal sides, be placed in the 
beam of li^ht coming from the Helios tat. The rays which 



OPTICS. 


fall perpendicularly^ upon tlie surface AC^ pass witli- 
out deflection ilirou^li ihe glass and strike at an 
angle of 45"* (wliieli is consequently larger than tin* 
critical angle of glass, equal to 40° 49') upon the sur- 
face of the Hypothenuse A Ji. They are h('re tolally 
reflected, without even a trace (d* ligh^ entering Ihe 
air behind A B, and j)ass with- 
out further deflection through 
-1 the second surface BC. To 

the eye above, the beam on its ' 
emergence is not sensibly fainter 
than on its entrance, and it 
do(»s actually contain about 92 ■ 

! per cent, of the original amount 

iij of light, the loss of 8 i>or cent, 

T„wijrcm«.ngpu duG to partial ,reflexioii 

taking place at the surfaces of 
entrance and emergence. The best silvered mirrors 
reflect 90 per cent, menuiry itself onjy 60 per cent, and 
a polished glass surface only 4 per cent, of the incident 
light. 

A luminous point situated beneath the surface of 
the watiT, (i'r more generally beneath the surface of any 
transparent medium, in consequence of ndraction, is 
sden, not in the position it actually occupiejl, but in a 
higher position. Fig. 45 shows bow the rays proceed- 
ing to the eye from the point A appear to come from- 
the point A', which is consequently to be 'regarded ‘as 
a virtual image of the point The depth of the poinf' 
A' below the surface, providing the rays do not 
emerge very obliquely, is the part of the actual 
depth of the point A, n being regarded as the index of 
refraction of light in passing from the transparent 
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iin^«Iimn in question into air. In jvater, for example, 
all objects appear to be about one quarter less deep, 
hence it comes to pass that any mass of water tbe 
bottom of wliicli can be seen, appears to be less deep 

Pk;. 1.*. • Fi(. Hi. 



ivwition of a point ssitnatwl Ai»ia‘uraijri.‘ jawntc'ii bj <i roil dippuii in 

iii'iK ath the surface of the water, wiiw'r. 


tban it really is. For the same reason the portion of 
a perpendicular post which is under water appears to 
shortened, and a rod held obliquely in the water to 
Ih‘ b(‘nt at the point of immersion (fijr. 4G). 

When the handp is dipped in water, or a coin is 
loolo'd at from above, it appears to b(' fili^jhthj enlarged^ 
because it appears h) be brouf^l^^i 
nearer to tbe eye, and is therefore n*- o • 

seen under a larj^er angle. 

554, A ray of light in passing from 
tbe air, A A 1[fig. 47) into a trans- 
parent medium, B B, aiuT again ein- 
iTgmgtinto air [A A) on the other 
f^ide *)f the medium, undergoes rc- 
h*:ft.*tion both at the point of entrance uefmetton throu-ij a trans- 

■j pm ent with parallel 

■ ua at that of emergence. If the surfaces. 

jiasses through a plate bounded 
by parallel surfaces, it becomes, as is sliown in tig. 47, 
‘M>lTOximat^ to the axis of incidence at tbe point of 
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eiitranco, and diverted froan it to the same extent at 
the point of emergence. The emergent ray consequently 
pnvsuesJts coMvsojmralJel to the entering ray, though 
Avith^t'ibrining its direct continuation. The only cliange 
it undorg(>(‘s from its ori^yinal direction is a lateral shift- 
ing^ whielj is greater in amount the iiioj-e obliquely the, 
ray strikes the plate?, the Uiiclcer the plate, and the 
li-realev its index of refraction/ Thin plates, as for 
exanq>le tiu‘ ordinary panes of glaf^s in our windows. 
j.)roduce so slight a shifting that objects are seen through 
Ihem of, their ordinary size and sha2X", and in their 
natural position. That a ray of light, after its passage 
through a 2^1ate with par.illel surfaces continues to ];>ass 
in a (liri'ction parallel to its original direction, and only 
undergoes a. lateral shifting, may be easily demonstrated 
by a sim2)le experiment. If a thick 2 >late of ordinary glas^’ 
be b(‘ld in a beam of light lU’oceeding from the niirroi 
of the lleiiostat so that ahout half the beam passes 
without obstruction at the side of tlie plat(‘, whilst tla* 
othf'r half is refracted through it,* it will be seen that 
the latter portion coiitiiines 2)arallel to the forimT and 
tli;row's a light upon a scre<m 2>hic<*d opposiiii to it, which 
is more (Jistaiit from the light thrown by the direct rays 
in 2>ro2>ortion a& the rays are made to strike tin? plate 
more obliquely. Let a second plate of flint, glass be now 
jjlaced 112)011 the first 2>late ; thc^ lateral shifting increases, 
but the emergent rays still always renuiin 2^a.rall(?I i<> 
tlie entering rays, nor is any change in the parallclisla 
23 rodnced if a third 2)late be added. However numerous 
may bo the trans 2 )arent pltites of different substances 
su2>erimposed on each other, the rays on tlujir emer- 
gence into the air remain 2^arallel to their course in the 
air before their entrance into the trans2)arent medium* 
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Now since in the passage of a Tay of light through 
tiio two plates A and B (fig. 48) the angle of emergence 
/' is equal to the angle of incidence the refracted ray 
must pursue the same course in the medium B which it 
would have had if this medium had been struck directly 
by the incidei«t ray passing in the direction % after 





a-fi.'u liu!) I iroii-'li two pir.’ilM 

removal of the platfe A, The ^date A therefore exprfs no 
'fiijlmmce ujpon the direetion of the rays of liyht in the 
mMinm. B, It is now obvious tliat in the experiment 
described in § 80, the glass plate [a h, li^. 4\) througli 
which the rays must pass before they penetrate into the 
interior of tjie vessel, does not interfere with the ro-» 
s^ult because it does nut cause any alteration in the 
dii^ection of the refracted ray. 

From the, circumstance tliat a pencil of light in 
ti;jiversing two or more parallel plates undergoes no 
<*ha.nge in direction, it is moreover legitimate to con- 
clude* that the index of refraction of a pencil of 
light in passing from one medium. A, into a second 
« 

* * Apj'oiidix to this Chapter, 
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iiiedium^ may be expressed by the quotient , where 

7h 

n" represents the .index of refraction of the medium B, 
and 7h that of A in relation to the air. Thus, for example, 
the index of refraction from water into glass = 

= 1-148. 

35. When a beam of light traverses a transparent 
body, the opj^osite surfaces ofwhich^-ire inclined to one 
another, tbe emerging raj' Jio longer remains paralLd- 
to the iiv?ideut, but is diverted from its original direc- 
tion, and tig. 41) shows the course 
of the beam under these circum- 
stances. A straight triangular prism 
of glass (fig. 50) may be used for 
experimimts on this mode of deflec- 
tion. When the surfaces* abed and 
abgf are used as surfaces of en- 
trance and emergence, the edge, a 6, 
in which these two surfaces meet 
is termed the refracting edge, and 
the angle, d a /, whercj they meet, 
the refracting, angle of the prism. All planes which, 
like the terminal surfaces da/ and chg, or planes 
parallel to them^ are i)erpendf!cular to the 
refracting edge, ftre termed chief or prin- 
cipal sections or pdmics of tlu^ prisip, knd 
the remarks hero made wilt be limited tp 
those rays which run in principal sections. 

If the opening of the Heliostat be 
closed with a red glass,* and a prism (fig- 
51 ) with vertically-placed refracting edge 
be brought in the i)ath of the horizoiital red pencil of 

* T1 ril.jcct of thi^ profeeJiii:,' will hv expltiiued. 
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so that about one half of the rays passing by the 
side of the edge, A, pursue thetf original direction, 
J />, whilst the other half are refracted by the prism 
and deflected towards AU; the amdunt of deflection, 
that is to say, the size of the angle 1)^17 between the 
emergent and the direct rays, will bo found to vary as 
the i>osition of the prism in regard to the incident rays, 

Fio. 51 


K 



or, which homes to the same thing, as the direction of 
ihe rays in relation to the prism is altered. 

On rotating the prism to a gi*oater or less extent, 
a position may easily bt' discovered in which the deflec- 
tion is less than in any other position. As it is turned 
away from this position in either* direction, or, wlpcli 
expresses the same thing in other words, a§ the rays 
are made to fall more or less obliquely upon the prism 
Ilian in the. position of least deflection, the deflectioi^ 
b(‘comes constantly mor<»*and more marked. 

• lu^ order to determine the course pursued by a ray 
el* light with, the least deflection, the following experi- 
n¥*nt may be made. A part of the incident light is 
reflected at the anterior surface, A By of the prism, 
towards MF, The half of the angle, 8 MF, is conse- 
quently the incident angle. If a small mirror be 
placed at jjfcrpendicularly to the emergent rays. 
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these are reflected back upon themselves, and are re- 
flected at the posLcrior surface, AG, of the prism, 
towards N O ; then the half of the angle E N G is the 
emergent angle. ‘ It may now be easily shown b^ 
direct measurement that if the prism bo placed in 
the position of least deflection, tlie angle 8 M E is equal 
to the angles i'i iV Cl, or that the angle of entrance and 
of emergence are eipial to each o+her. But if tlie inci- 
dent and the emergent rays form equal angles with the 
surfaces of the prism, the refracted ray MN, in its 
course through the x>rism, must be equally inclined to 
both surfaces. The miitiiuum (hjlection occurs fhcreiort' 
v'hen the ray hi the inter lor of the prmn forms equal aiiyles 
with the surfaces of entrance and of emerqence. The 
knowledge of the minimum deflection of a prism is a 
matter of givnt importance in practical optics, because 
we are able from it and the refracting angle of the prism 
to determine with groat exactness the index of refrac- 
tion of the substance of which it is composed. 

From fig. 52, which represents 'the course of a ray 


no. r,L». 



of light in the case of least deflection, it results * that 
the angle of refraction, r, is equal to half the angle of 
the prism 5, and the angle of incidence, i, is equal to 
* See Appendix to this Chfiptft. * 
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halt' tlie'sTiiii of tlie anj^les of miniTnum deflection and 
of the prism. * 

If, however, the angle of refraction belonging to 
the angle of incidence, be known, tiie index of refrac- 
tion must, in accordance with the law of refraction, be 
cquii.l to the ratio between the sines of these two angles. 

In order to obtain tlie index ol‘ rc'fraction of a body, 
the following medhod is adopted. A prism of the sub- 
stance is pnipare^l, the refracting angle of which is 
measured by the reflecting Goniometer (§ 19), and the 
iniuiiniim deflection is determined when, by t,e.sting, 
it has been brought into the right position. Kroin 
these two diiia, whi(;h can be ascertained witli great 
accuracy, the index of refraction can be easily deduced 
by tin; above method. 

In order to give to a (laid the form of a prism it is 
introduced into a vessel in which 
tlie opposite inclined walls are 
madti of plates oi^glass, care- 
fully ground to ]>iane surfaces. 

Fig. T);} is such a hollow prism. 

As plates with parallel surfaces 
<iu not altm' the direction of the 
rays of light, they do not inter- 
l(*ro with ttie ineasureinent of 
the deflection caused »hy the 
fhfnl. . 

Jfhe indices of refraction given above (§ ol) were all 
libt allied in this manner. 

'hJ. When a coiniiarison is made of several prisms 
comjiosed of the same kind of glass, the refracting angles 
of which difler, it is found that the minimum deflec- 
tion increases irSbre quickly than the refracting angle. 
Thus for prisms of ordinary glass it appears that. 
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When the refracting angle amounts to 20°, the mini- 
mum deflection amounts to 10° 49'. 

When the refracting angle amounts to 40°, the mini- 
mum deflection amomits to 28° 6'. 

When the refracting angle amounts to 60°, the mini- 
mum deflection amounts to 39° 49'. 

It is only in the case of pri.sms with very small 
refracting angles that the deflection holds the same 
ratio, for it is found that 

With a refracting angle of 2° the minimum deflection 
is 1° 8y. 

With a refracting angle of 4° the minimum deflection 
is 2° 7i'. 

With a refracting angle of 6° the minimum deflection 
is 3° 11'. 

The amount of refraction in thin acute-angled prisms 
does not alter materially even if the incident ray is in- 
clined several degrees to that which traverses the prism 
under equal angles. For example, the prism of 4° may 
he moved as much as o° to one sidfe or the other from 
the position of minimum refraction, or may thus be 
rotated 10° without tlie deflection varying more than a 
minbte. 

It may'thcref«/re be laid down that a prim with very 
mail refrading angle, as long as the rays do not fall too 
obliquelj' upon it, mvaricLldy produces an amount of dejlec* 
tion proportional to the refrading angle. < 
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APPENDIX TO CHAPTER V. 

• 

To § § 31 and 32. By invansof llie law of refraction tlie ant^hi 
nf rt fraction corresponding to each angle of incidence (and the 
converse) may be easily determined either by calculation or by 
construction. The lattei: may ])c conducted in the mode indicated 
in lig. 42. The construction shown in fig. 54 is still more con- 
venient. Two circles arc described around the point of incidence 
in the plane of refraction, one of them with a radius = 1, th(* 
other with theradius=ri, being the index of refractic^n of the ray 
in passing out ol’ the first into the second medium. Now let the 
incident ray I u be prolonged to intersect the first circle in the 



Construction of tin* rcfractnil ray. 


point m, and through ni drawn p in tj jiarallel to the axis of i«- 
eidence, intersecting the tfccond circle in the point p, then n p 
Oy direction of the refracted ray. For since the angle 7 m n 
IS equal to the; angle of incidence ?, the sin i = </ n: and further, 
^ince the angle q p n is equal to the angle /•, n sin r = 7 a, and 
hence as is required by the law of refraction, 

sin {■=■ n sin r. 

For any ray pn proceeding from the second medium, let a line 
Jiarallel to*the axis of incidence be drawn through p to cut the 
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first circle at the point then the line m. n produced, gives the 
direction of the emerging ray /i /. 

The last construction becomes impossible when as in the i ay 
an the parallel to ihu'axis of incidence no lunger cuts tlu* first 
circle. The total reflexion wliich this ray experiences is thus 
rendered intelhgible. * 

If the ])arallel touches the first circle just it. the end of its 
horizontal diameter, as occurs with the ray i w, the refracted rav 
passes out towards a q along the linii{ing surfaces of the two 
media, and t a L' = y is the critical angle. ^The latio thus lu Ids, 
as ajipears from the coiistrueti[)n 

n sin 7 = 1, or sin y = ^ . 

* u 

'io § oi. That the ind(‘x of refraction in passing from a 
medium A into a second medium />, is etjual to the quotient 

~ , where n' represents the index of refraction of theiiK'dium .1. 
n 

n'' that of the medium B, as compared with air, can d>e demon- 
strated in the following manner. In fig. 55, which representN 



llcfrjwtiun throii^li tAVO parall- 1 


the passage of a ray of light through two parallel jilatos, vfe 
have on entrance into the first jilate ^ 

sin i = n' sin r, * 
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.mil on eninrgonco of the niy from the second plate into the air 
Bin i* = n” sin 

But inasmuch as the emergent ray ia |^)arallel to the ineidenf 
i = i' conseipii'iitly also, sin i = sin i', and 

n' sin r = n' ^in ?■' 
nr 

m" 

sin ?• = — - sill r'. 
tv 

Jn lhi‘ transition ol’tlie ray fiom tlie first into the second plate, r 
is ohviniisly the anisic of inciilcnce, and r' the angUs of retraction, 

•tt" 

and consequently — - is the ratio of refraction corresponding to 
this transition. 

To § 1)5. The defh'etion of Uic incident ray caused by a j)rihin 
l^laced in any given ]) 0 .sition amounts to the sum of the deflection 
<»n ontramaj and the dcllectiou on enuTgence. II’ / and ^ (lig. 
511) indicate I'lie angles which the ineident and the emergent 
ray, and r and r the angles which the ray in its course 
tlirough tlic prism makes with the axis of incidence, then i—r is 
the amount of di*llectioii in the lirst, and i' — /•' that in the second 
1‘efraction. The total defh'clion, />, as appeal’s from the figure, 
i!* tlie sum of the two separate dciJeotioiis, so that 

1) zzz i — r r — r' or 1) = i f i ■— (r + r'). 

*# 

From the figure it may also be concluded that the sum <jf the 
two angles of riTraction remains constantly cqinil to J,he refracting 
angle of the prism h, or that constantly * 

• r - 4 - r' = 

boiifscijiiently the deflectioil may also bo expressed in the follow- 
*ing form : — 

j __ l, 

^When in the case of the ininimum refraction ((/, fig. 52), i — i\ 
and r = r\ we obtain 

2r = b and = 2i — h. 

Thence it result^^ tliat the angle of incidence i ^ (c/ -p b\ 
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and the angle of refraction r ^ \ h. We obtain therefore for the 
calculation of the index *ol refraction the ct|uation 

sin i {d -f h) 

sin \ h. 

That the minimum of deflection occurs icith equiangular transit^ 
i.e. 'when the ray of light makes equal angles 'w/th the two sides 
of the prism, may be shown by the following statement: — We 
consider tliat the course of any ray^ of liglit in the prism 
is as in lig. 5(5, from loft to right and upwards ; we compare 



I'assuL't of a ray of lipht thronnh a prism. 


•with this a second ray, which runs w’ith* equal inclination to 
the two surfaces from the left to riglit, and downwards ; these 
two rays lie symmetricalli 3 / with regard to the equiangular ray 
of fig/ 52, and undergo, since they only in this respect differ from 
one another, I that y and and also r and are interchanged, 
e(|ual amounts of d<*flection. It may now be easily shown that 
tl^e amount of deflection of the non-ecjuiangular ray of fig, 50 
is greater than that of the equiangulaiv ray of fig. 52, 

The angle r in fig. 50 is greater than with equiangular rayJs, 
the angle 7 *' on the. other hand is just as much smaller, since 
the sum of r 4- r' = If we proceed consequently front 
ecjuiangular to non-equiangular rays the angle i augments, whilst 
t' diminishes. By means of the construction fig. 54 it may easily 
be demonstrated that if the angle, of refraction r ho allowed to 
increase and diminish about equally, the increase of the angle of 
incidence i is in the former case greater than is its diniinution in 
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the latter. In the transition from equiangular to any other rays 
consectuently, in the expression * 

JJ = i + i' - b, 

» 

the angle ^ augnu'nts so much the more as the others diminish : 
that is to sjiy, the deflection of the piy becomes greater, or which 
js tlic same thing, the minimum deflection occurs with ef|uijingular 
transit. . 

To § 3(). Tlie proposition laid down in § Ofl in regard to 
acnte-aiigled prisms may bo easily established theoretically. If 
fur exani])le the rel?acting angle of a i)rism be very small, those 
rays whicli are near to the minimum deflection devhite but little 
Irom the axis of incidence. Here, therelbre, only, very small 
aiigb's of incidence and emergence are dealt with, to wliich the 
^impli^lcd law of refraction applies fsee end of § (51), from which it 
aiipears that 

i == fir and t' = fi7'^ 

ami the deflection 

T) 71 (r -I- r' ) — ( r -f r' ) = ( — 1 ) ( r r' ) 
or because 

r + ?•' = by 

/)= (ii - 1) by 

that is to say, the deflection, whatever may be the angle of inci- 
dence, providing only tliat it reiiiainsl^ very small, is determined 
exclusively by the index of refraction and the refracting Angle 
of the prism, and indeed is profiortional to tliis laiit. 
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CTi AFTER VI. 

A 

LENSES. 

« 

37. TniK pieces of ^lass, tlie two surfaces of which 
(or one surface, 11 le oilier romaiiiing flat) have been 
ground to ii spherical form, are termed lenses. 

Convex lenses arc those which are thicker in the 
middle than at the edge. Fig. 57 exhibits three different 
forms, as seen in section, namely, a a hi-convex^ h a 
piano-coy} vex^ and c a concavo-coyivex lens. 


Fig. 57. 


Fig. m . 


Com ex lenses. 


Coucavi* lojihos 


Concave lenses (fig. 58) arc thicker at the edges 
than in the middle : a is a hi-concavoy h a piano-con cate^ 
and c a convexo-concave lens. 

The term axis of a lens indicates the straight 
line which joins the centres C and C' (fig. 59), of the 
two spheres of which the limiting surfaces are segments. 
Where one of the surfaces is flat, a line d*rawn perpen- 
dicularly to that surface from the centre! of cisTvature of 
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the curved surface is regarded as the axis. The form 
of a lens is symmetrical around its axis, for all planes 
passing through the axis, which are termed chief or priri- 
tnpal planes or sections, have the same sectional outline. 

The angle A C B (fig. 59) which two straight lines, 
ilrawn to diamglricall}’ opposite points of the border of 

Fio '>0. “ 


- A 



B 


A\i\ aiH£ ceiitrt*'^ i»f fiirvatore. 

tile lens from the centre of curvature, make with one 
smother, is termed the apeHttre of the corresponding 
mrface of the hms. We shall here only liave to do 
with such lenses as have a small aperture not exceeding 
six or eight degrees at most. 

If a pciueil of parallel rays from the sun be 
directed upon a bi- convex lens (tig. 09), x>arallel with 
its axis, these will be so refracted 'that they will all pass 
tbrongh one and the same point, F, situated on the 
axis on the other side of the lens, which is called the 
focus. • , 

Jf the several rays*’ be followed in their passage 
tlTroygh tlio lens it is observable that each is refracted in 
exactly the ^ame mode as in a j)rism whose refracting 
iitigle is turned away from the axis of the lens, with this 
difieronce, however, that for each ray there is a diffe- 
rt'iit refracting angle. The small angle between the 
directions of the two surfaces of the lens at the points 
of entrance and emergence of the ray in question is to 


I. 
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be regarded as the refracting angle. This angle is 
proportionally greater as we recede from the axis of the 
lens.* The lens acts just as if each ray struck an 
acute-angled prism*, the refracting angle of which is 

an 



greaier in proportion as the point ol* incidence is further 
from the axis. 

If what has been said above in regard to the relation 
of acute-angled prisms be remcmbei’ed, it may be con- 
ceived that rays pursuing a parallel course on this 
side of the lens, the further they severally sirike the 
lens from its axis, must imn together on the oilier side* 
of the lens into one and the same point of the axis. 
The ray which runs in* the axis itself meets parallel 
surfaces upon its entrance and emergence from tlie 
lens,^and therefore experiences no deflection. 

On the supjipsition that the rays fall parallel upon the 
surface of the lens from the side towards their union 
will then occur on the other side of the lens in a point 
of the axis which will also be at*tlie same distance from 
the lens as the point F, because the rays will meet the, 
same refracting angles at the same distance from the 
axis, and will consequently experience the same de- 
flection as before. Every lens therefore possesses hvo 
focal points upon its axis, which are placed on oiiposite 
sides of it, at the same focal distance. 

* Sec AppciisUx to Miis Hiiipter 
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39. The jflame of an elccfiric l^inp is now to l)i‘ 
brought into the focus F (fig. 60) of the lens. The result 
may he predicted. A hoam of light, ^ composed of rays 
ruiuiing parallel to the axis, emerges on the other side 
ofilieleiis. Following tljc previously adopted, it 

may be said th;^t niyii proceeding fivnn the focus on om* 
•iide of the lejis run on the othei* side towards an hi- 
{jjiilelj^ remote point of the axis. 

Tf thi* light l)«i now iNnnovod from tlu' hnis lill it 
V'M' h«‘S the [K»inl It (lig. 61), a e(me of luys may be seen 
to emerge w'hicli converge towards a point on th(‘ axis. 
This poi-nt. S, in Avliicdi all tlic rays proceeding from // 
iliiit tail upon the lens uniU', is the real undfie of the 
luminous ])oint li. 

When the luminous point F (fig. 62) is brought io 
« \d('tly (louLle tin' focal distance from the lens, it s image, 
N, on th(‘ other side, will be double the focal distance 
from tlie lens also. 

When the luminous point is placed at S (fig. 61) its 
imago is formed at the x>oint ii, which was before the 



])omtion of the light. The points R and S are coiise- 
^jiUMitly so asso<na.ted, iliat the one is tlio image of tin* 
and they are said to be eonjiajaie to each other, 
hen one is more than double tlio focal distance from 
Ihe lens, tbe oth*or is less upon the opposite side, but 

G 
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always at a greater distance from it than the simple focal 
distance. 


I'n:. fii. 



If the luminous point T 6‘]) be situated betwee]) 
ilio focus* and the lens, this no lonj^or has the power of 

I'lG (.J 



Vjrtii.il . 


making the strongly divergent rays parallel or con- 
vergent, but simply diminishes their divergenc'c. An 
aeljial union of the refracted rays can now no longer 
take place, but if prolonged backwards, they pass 
through a poiiii T', situated upon the axis on the other 
• side of the lens, which is more remote from the lens 
than the luminous point T; *4n other words, the rays 
emanating from T proceed divcrgingly after haring 
traversed the lens, just as if they eman^ited from tfie 
point V. The point V is consequently the virtual imi^e 
of the point 

If, conversely, a converging pencil of rays proceed- 
ing from the right side (fig. 63), fail upon the lens 
which is directed to the virtual lumilons point F, the 
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rays are made to unite at the real image-point T. The 
points T and V therefore constitute image-points of 
(^ach other, and they also are corwsequently termed 
conjugate foci. 

40. The behaviour of lenses, in regard to light, 
■vvliich has jiistibeen described, is easily explained by the 
peculianty that jn’isms with sinall refracting angle 
j>ossess of deflecting equally all rays, whatever may be 
their direction, providing they do not full too chliquely 
upon them. In consequence of tliis ])ecnliarity, all rays 
wlii(*h are not incliiuid to the axis at too grt'ut an 
angle must undergo the same deflection at one and tlie 
sanio point of the lens. The ray 7/ yl, for example (tig. 
01), striking near the edge of the lens, inasmuch as it 
is refracted towards J /S', undergoes the same deflection 
whi<h the ray A N, limning paralhd to the axis, expe- 
riences ; that is to say, the angle R A /S, whenever the 
luminous point II may be, is always equal to the angle 
F A N, the magnitude of wliich is given, onc(i for all, 
with the focal distance. The conjugate points may be 
v<u y easily determined by const«,;uction ; if tin' an gle 
FA N he cut out of a i>iece of cardboard, and havkig 
b(‘en placed with its apex upon the poiii^t A aud I’otatc'd 
around this point, the sides containing tlu* angk' T then 
always cut the axis in two points (Muijugate to each* 
other. • 

^ 'Tt^results as a necessary consequence from tin* ihove- 
inentioned pr 4 )position, according to which in ! ssi's of 
siMjill aperture the deflection of a ray is greats ‘ u pro- 
]>ortion as the part of the lens which it strike's •' urther 
Iroin the axis, that all rays proceeding from r point 
<^>n the axis pass again after refraction thi.'M;;:i some 
point of tha axis? 
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41. The coiiconlaiice ^vliieli exists between the 
properties of convex lenses, so fhr as we have at present 
^one, and those pf coiu ave mirrors, is so remarkable 
that it is scarcely necessary' that they should be expressly 
pointed out. Aij«l it will not he surprising if in th(» 
course of the following rt^searclies resUits are obtained 
i^sseiitially agreeing With those already ^ivcji in the 
cas(j of concave mirrors. 

If, for exam])le, T placi^ tlu‘ liut'ht of an electric 
lamp at o (fig. hi) .above thi> axis, its image is formed 


i l(.. M. 



below the axis in A. An imagimiry straight line join- 
ing the points (f and A passes through the centre O of 
the lens, and a ray striking tlu‘ lens in this direction 
(a Q) undergoes no dc^ilection, because it meets i>aralle] 
portions of tha f^urface of the lens. It behaves itself 
consequently like a ray running in the axis itself. The 
term secondary axis has tlw^refpre been applied to every 
line passing through the centre of the lens, in order to 
distinguish such lint^s from the cJiief axis which joins 
the centres of the two splu5r<,‘s of which the surfaces of 
curvature are segments. The same laws hold in regard 
to each secondary axis for rays tliat do not fall too 
obliquely, as has already b(‘en stated as applying to 
the chief axis. A pencil of rays, for ^example, which 
falls upon the lens parallel to its secondary axis a 0, 
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will be united in ii point uj)on this socondary axis af 
about the focal distance of tlie lons'O F. Every secon- 
d.iry axis consequently also possesses two focal poini.s, 
uiid its conjujjjate points are in all w?spocts similar to 
those of the chie‘f axis. 

42. If from tlie i>oiiiis aimit A, which correspond as 
liyht obj(H‘L-i)ofnt and ima^e- point on the secondary axis 
a () we let tall the Jines a b a.ntl A B peiq)endicnlnr to 
tiie principal axis, so that each is bisected by tlu^ chief 
axis, the points b jViid J> upon the secondary axis, b o />, 
ar(' obviously also eoiij u^ate to eacl i other. St> Ion as the 
aiif^le betwe<'ii tiu' S(‘Condary axis a O and the princi])al 
axis is very small, all ]>oints of the liru^ a b may l)e re- 
;^*ardod as ('(|ualJy remote from the middle ol* the lens O, 
.ind likewise a.ll iioints of the line A />. Every point of 
llie Hue a b Inis llierefore its eon jugate jioint upon tin* 
]jm‘J />, v'hit'h is at tlui spot where these are struck bv 
tln‘ir own axis. 4'h(‘ niidd](^ points of e b and A B, for 
(‘xample, art,* conjugate ^loints upon the chief axis. 

From tin; preeetliii^ illustrathm, xvliich is limited to 
tli<*]>lan(» of tin* construction, a more general statement 
alfecting the s]>a('e around the chjof axis can easily In* 
tledueed. il\Jbr inMatwey thrvvrtlcal pJam's nb mulA B 
be conevAvrd fo be pldcedni two eovjiujide. the chief 

ojAs^ each 'polut of the one phtne will hare its i/inaf/e iu the 
(Alter plane*! t the aind wfj^ere this i-s* struchhy ilta a/jiAfi ner-^ 
re^jfondimj to each pond* The two planes art* said to be 
^conjugate to each other.’ If therefore any line bt* 
sihsated in Che one plane, there is pr<)jected from the 
lens an exact image of it upon the other conjugatt* 
Jilaiie, the size of which is iu the same proportion as 
tJieir relative distances from the lens. And wliat has 
tj*. re been stated in regard to a Hat figure holds also for 
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any material object the parts of which do not project 
too far beyond a pljtne perr endicnlar to the chief axis. 

As lon^ as the object is situated at a greater 
distance from life lens than the focal distance, an 
actual reunion of the rays of li^ht occurs upon the 
other sich) in the image plane; and thus an actual or 
rml iinag(‘ is formed,^ which may be received upon a 
screen and thus made objectively apparent. The real 
images are ol* course always inverted in relation to the 
object. ' 

It is easy to show this relation by Hxperimcnt. 
Let a li<^hted candle be idaeed in front of a lens (fig. 
65), and somewhat beyond its focal distance, by a little 


Fig. hh. 



shifting to and fro of the screen, the jdace of the image 
may be easily dl'trrmined, and it will be found that it is 
situated a littb' beyond twice the focal distance, and that 
it is inverted and enlarged. If the position of the screen 
‘.ind candle be so altered that the candle is situated ^a 
little beyond, and the screen a little nearer than twice' 
the focal distance of the lens, an inverted diminished ima^fep 
of the flame is obtained upon the screen. Fig, 64 
exhibits the course of the rays in both cases ; if a 6 be 
the object, A If is its real imago, and vice versa, 

43. If an obj(»ct be situated at somqwhatjoss than 
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the focal distance from tlic lens, no real image of it can 
be projected by tln^ lens. For the rays which omanatt} 
from one of its points (^, fig. CG) will now no longer 
b(' collected into one point on the oilier side, but issue 





Virtual imagp wjtli ;t(.nijvi‘\ 


(livergingly from the lens, just as if they came from 
a point a situated on the same side of the lens but 
more distant from it than the ])oint A, An ob- 
server looking through tlie lens from the other side 
sees therefore instead of the small object A 7>, tlie 
uilanjod rirliKil a ?>, which is erect in regard to 

the object. On account of this well-known action, 
convex lenses are called waynijlcrs. Every lens specially 
<l('stined for this object of enabling us to see the 
enlarged virtual images of small objects is called a 
magnifyiiig glass (Lupc). 

41*. A concave lens acts at each i«ai*t like an acute- 
angled jiri^in, the refracting angle of which is tumed 
towards the jirincipal a.ps, and is greater the further the 
[loint is froui the axis. Every ray that strikes such a 
*lens will therefoi’e be turned away from the axis, and 
t(fa greater extent in proportion as the part of the 
lens on which it falls is further from the axis. Hence 
the solar rays, Avhich are directed upon this biconcave 
lens (fig. 67), parallel tc its axis, issue divergingly from 
the othc^ sidi* of the lens in sucli a manner that 
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tlioy appear to proceed from a, point .F, situated 
upon the axis on thfe side, which we may designate as 
the apparent or virtual fnena. Every concave lens has, 
on every axis, two *such focal points, which are situated 
at an equal distance from the lens on eitlu*r side, and 
liave the same significance as the r«'al foci nf a convex 
lens. The virtual focal distance is proportional to the 
deflection from the axis \vhich tilie rays of light ex- 
perience at (‘ach point of the concave lens. 

Ill order to eliutidahi the a.(;tion of concave lenses, 
a preoisedy similar series of observations to those 
already given in the case of convex hnises should liere 
l)(* insert(‘d; but to avoid repetition it will be sullicient 
if the more important cases are hiTe mentioned. 

A con(‘ of rays, ])roduc^‘d by a convex lens, is allowi'd 
to fall upon a concave lens {fig. 07) in such a manner 
that the rnj^s coiiv(Tgo towards its focal point 'F on the' 
op]>osite side; in tliis case there i>roce(‘ds from the otluT 
side of the lens a. cylinder of rays parallid to its chief 
axis. If the incident rays converge to a. point whicli is 
more distant on that side than the focus of the l«*ns, 

tliey must (‘iiiergc* div(»rg- 
ingU^ : but if they couv<'rge 
to a, point 7?, situa-ted nearer 
to the lens (fig.. (J8), they 
m ustVon verge after refraction 
less strongly to the mon? rC- 

\ irtn:il fof'iis of a conoavo lens. * • 

mote point A, pays, lastly, 
which are emitted divergingly from a point as, ?br 
example, from an electric lamp plac(‘d at this spot, are 
r^mdored still more divergent by the lens, as if they 
]»roceeded from a jioint B situated nearer to the lens 
0)1 the same side. * 
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Hence it follows that a concave lens can form a. 

9 

virtual image only of an object, whatever may be the 
distance that this is trom it, Ixicauso it makes the di- 


Kk; 



\ctjoii <if .1 Irii"' on i“i‘JC('nt niul (iivci rn^‘^ 

verging rays emitted from 4.‘V(‘ry ])()int of the object 
still more divergent. The eye of an observer* looking 
through the h*iis (fig. (19) receiviis the rays emitted 
jroin the object A 11 as if they came from a dlminwliM 
• nrt viriiwJ image </ h. On account of this diminislnTig 
action, concave glasses an' calked dmiiiiifhing glasses, 
and thus "ive see, that whilst convex lenses are analogous 



Viitufil fonnoil li> n c*ojn-aTi- hi*; • 


to concave mirrors in their action, concave lenses cor-# 
respond to convex mirrors. 

, * 1'5. Of the various forms of lenses enumerated in 
we need* only consider the biconvex and biconcave 
nfOre closel}", because the remaining forms entirely 
Ji.gre(‘ in their action with these representatives of these 
groups. 

The lenses of the first group ])ossess real foci ; they 
make parallel incident rays convergent, and unite them 
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into one point ; tliey make convergent rays still more 
convergent, divergent rays less divergent, or even con- 
vergent. 

The lenses of the second group have virtual foci; 
they make parallel rays divergent, divergent still more 
divergent, convergent less convergent or even di- 
vergent. 

Every lens which becomes thicker towards il.s peri- 
phery^ has virtual foci ; and vicr for the locus of a 

lejts to be real the lens must be thicker in the middle 
than at the ed^je. 

For all lenses, however, to whatever group they may 
belong, the general statement holds good that rays, 
which before they strike upon the lens pass through a 
single point, pass also, after refraction, through u singki 
point which is conjugate to the first, upon the axis 
passing through it. 


APPENDIX TO ClIAl^TEi: VL 

To § f38. The angle wliieli the anterior surface of a lens 
fig.* 70) makes at the point A’, which is distant KP = L- from 


( 











Detcrniinalion of the* focal clibiMicc. 

the axis, with the posterior surface of the lens at the opposite point 
A"', or in other orris the refracting angle corresponding to the 
point I\j is ec[ual t(’ the angle C K ■which the radii U A and 6 A 
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j»r()longed to A’ from the centres of curvature C^and C form with 
each other, because these radii are obvfonsly perpendicular at 
K and K' to the surface's. The angle C K A, however, as external 
angle of the triangle CK is eejual to y*H- y‘ , Presupposing 
that the lens is one of small aperture, the angles above named, as 
well as those more distant, are (jollectivciy very small, and in 
order to express tliom we may use the method applied abovt*. 
(Se(' Ap])endix to Clin] iter IV'.) , 


('ojisctjuently 




/. 

C" A" 


If, as always occurs in ordinary eases, the thicknessof the lens 
vn very inconsiderable as com]>ared with its radius of curvature, 
\\(‘ may, without risk of material error, take O' K' instead of C K. 
If therefore we iiidica-tc the radii (J A" and C JO respectively, by r 
and r' we obtain 

k 1 , k 

y = and y' = . 

. r r 

The refracting angle y + y' at the ]ioint A’ is therefore 



diat is to sjiy, it is prviportional to distajice k from the axis. 

We now know (see Appendix to (‘hajiler V.) that the defjee- 
tion produced by an acute-angled prism is etpud^ to (a — 1) 
limes its rcihicting angle. Kveiy ray falling U])on the lens at 
the point A'^ undergoes therefore the defl(*eliun 

^riie ray S A', for instance, which runs parallel to the axis, 
Rwee it is d(‘flected to the local point A'', undergoes a dotlectiou 
lhat is represented by tlie angle wliich the refracted ray forms 
'vith the axis. From what has just been sUited, 
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The angle <p may also be cxprossetl by 



however, il‘tlio small thiekness of the lens be rieglocted, 
may be TO])lac<*cl by /''J/', that is to sjiy, by the focal dislaiice f 
of rhti Ien<, so that we get 




f 


If this value lu* su!)'5tinit(Ml for f/» in the* above O()nation, the 
factor /. , common to both si(U‘s, may be eliminated, and we 
ol^tajTi for the c^^dculation of the local distance the equation, 


I. 


(?/ — 





The vcTy fact that / is eliminated Irom the equation demon- 
strates that all rays ]»a?*aiiel to tin* a.xis, at w]iat(*ver distaiiee L 
Irom tlie axjs tliv'_) may liill isiaai thi‘ Ions, unite oji the otljer 
side iji tljo sin<.'Ie poijjt h\ 

Jt- ajqjears, furtlier, from tlie circuiiiptance that Vhe radii r 
and r' ean 1m* suh.-t »l ul^-d ibr eaeh otlu*!’ without altering tlij* 
expression Ibr the loc. l distance, that tJio /oral distance is (-qiial 
lor the two sides of the len.-,. 

TJie foimula, shows iiIm) in what way tint focal distance is 
dependent tipon th<i imlet'* of* rcfraijtion //. of tlie snbstauee of 
whh'h the lens is composed. For a biconvex lens e,onq)Osed of 
crown glass, (a == for example, the two radii of curvature 

of which arti e.qual, /■' — r, we find 


eonsecpiently 

With a biconvex lens of crown glass of equal curvature on both 
sides, the focal di.staiicc is coiisecpjently ncaily equal to the 
radius of curvature, that is to say, the f )eus is vm-y nearly co- 
incident with the centre of curvature. For similar lens com- 
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[nisrd of flint glass (n = 1*030), it results on the other hand 
f = 0*787 . r, 

9 

.111(1 for a lens composed of Diamond 

(7. = 2-hs7) 

^ J only = 0*330 . r. 

From ihis it is evident that for lenses Of similar form, but made 
nf diirercnt materials, the*focid distance becomes smaller as the 
iijih'X of refraction oli^the substance used incr(‘ases. 

To § 31). In order to determine the j)Osition of tlie eon- 
jounit-'d foci, it is only nc’cessary to follow any givc'ii ray in its 
cfiurse. For tliis purpose we select a ray, R A (tig. 7lV striking 
tlsc border of the lens, which is refracted in tlie line A aV, so that 



1 >i U j n»iu'.tiori of coijjn}:atcj[K*iJit' 

li . 111(1 iS are conjugate foci. The deflection, y, which thisVay 
niuiergo(*s at A is the siime in amount as the deflection 0 which 
the r.iy NA ]>arallel to the axis experiences at the siirne point; 
that is to say,*y = 0. But if the angles which tlie rays R A* 
mid A S make with tlie axis t)c indicated by a and /], y =. a + 
lM\‘SuIts consequently that 

• a4-/>=0. 

«/ 

If the distance of the point li from the lens be indicated by 
^ tint of the point S by b, the focal distance by /, and lastly, 
the distance of the point A from the axis by k, the equations 
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are obtjiinecl, and sinee also 
/• 


+ ; ^ 


/ 

/’ 


from wliich ocjiiation the magnitude of k wliich rolers to the 
several points of incidence may be eliminalod, tlicro is obtained 
for the determination of the conjugate foci the cfjiiuiioii 


IT'. 


-' + ' =1 
a ^ U /’ 


■\vliich, in ifs form is exactly the siinie af that formerly (see 
Appendix to Cliapter IV.) found for the s|>ht*rical mirror, and 
ex})resses distinctly the analogy which exists between mirrors 
and these '(crises. 

The equations I. and II., which an* jirimarily deduced lor 
biconvex lenses, hold nevertheless for every form of lens, if we 
admit the curvature for a plane surface to ho indefinitely great 
(= QC ), for a coiKiavc surface negative and for a convex suiliu-f' 
positive. And ace.ording as in the Formula I., the value of f is 
jiositivc or negative, the lens jiossesses real or virtual focal j joints. 
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' (llAPTER YTI. 

OPTICAL INSTRUMENTS. 

I G. Eeferenc>. will hero only be made to .a lew of 
tLe numerous applications of lenses to the construction 
of (tptif'al hisfrunumts. 

For experiments in optics intended to be rendered 
visible to many persons, the li"htof the sun, on account 
of its great brilliancy, is employed by preference ; un- 


I'K; 7J. 



lamp. 


fortunately, however, in the cloudy northern heavens it 
is too frequently unavailable, and therefore, in order 
to be indSpeiident of the variations of weather and 
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of daylight, it is customary to substitute for tlie 
light of the sun that of an intense artificial light, as 
for example, that of the electric lamp. 

An important, and for many experiments, con- 
venient peculiarity of the rays of the sun is that they 
are nearly parallel. The rays of the el(j/3tric lamp, on 
the other hand, issue, divenjwgli/ from the white-hot 
charcoal points, and hence if they are to be used 
instead of the sun’s rays tliey in^ust be rendered 
parallel. 

This is effected by means of Dubosq’s lamp (fig. 
72) which consists of a square box supported on four 
brass feet, into which tlie carbon-light regulator (or 
the lime light, or any other source of light) is intro- 
duced. 

The liglit-point is so placed ns to be in the focus of a 
convex lens which is fixed in a moveable frame at tln^ 
fore-part of the box. By means of the regulating me- 
chanism the carbon points can be made to occupy this 
position permammtly. The rays that fall upon the lens 
(*f>nsequcntly leave the lamp parallel to each other. At 
the back of the box is n concave mirror, the object of 
whi6li is to render the ra^’^s proceeding in this direction 
serviceable! For since its centre of curvature is coin- 
cident with the carbon points, it red. urns the rays to 
t'iieir point of origin, from whence they pass to the lens, 
and having been rendered parallel by this, combine 
with the rays emanating from the iK>ints which are" 
IDassing directly forwards. 

The flame can be so used as to produce a greatly 
magnified image of tlie form of the carbon points, and 
the iday of the arc of flame ; for if the lens be drawn a 
little way put of the lube so that the vlistance of the 
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cliurcoal points is somewhat greater than its focal dis- 
tance?, a.n inverted and enlarged image of them (tig. 
72) is thrown upon the opposite screen* We see between 
the white-hot carbon points the tar less brilliantly lumi- 
nous violet arc of flame in flickering movement. From 
time to time \^ite-hot pa.rticles are detached from the 
)>luiit and excavated positive carb^*»n x)oint, and fl}^ across 
to the negative? poin^, which remnins sharp ; small 
globules are seen* moving hither and thither on th(‘ 
.surface of the carbon, as though they were in a slate of 
Hbullition. These are x>articles of molten siloic which 
dr(‘ nnfortunately present even in the bi'st carbon points, 
and by their restless movements occasion the flickering 
of the luniinons ai'c, whilst, if they happen to occu])y 
the hottest y)art of the carbon points, they cause an 
immediate diminution in the intensity of the flame. 

17. Thb experiment jnst described is identical in 
principle with the action of the macflc lantern (flg. 7d). 
it is dependent on the property that convex lenses 
l>ossess of forming ^.nitside of or beyond twice their 
focal diwstancc an inveu-ted and enl/irged image of any 
object situated on the opposite side betweciii their 
local distance and twice their focal distance. • 

Pictures or photographs serve as objects, and they 
ine placed i^ a slit in front, a h, and are strongly 
illuminated by the light o2f the lainj) iy, placed withhi 
llic .box, which is intensified by the lens m m and tin* 
‘ <^ofieave mirror H If. In front of the slit is a lens 
combination of two lenses, which act like (>ne 
<»f short focal distance, and can be moved by means 
a sliding tube. These throw an enlarged image 
of the object npon the screen. The magic lantern 
li5is proved pi* gibat service in illustrating scientific 

ii 
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lectures, in addition to the amusement it affords by 
its phantasmat^oric representations, dissolvin<j views, 
chromatropes, 



Mnjric l.autorri. 


48. The sun or solar microscope 7t) is founded 
upon the same principle, though it is devoted to 
thoroughly scieiitifi'c objects. Its most (essential part 
i^ a convex lens of short focus, plac'.ed in a small tube 1j, 
and throwing* a greatly enlarged image upon a screen 
of any small lirnily-tixed object, tisually between two 
glass plates, and phu^ed sonujwliat beyond the focus ot 
the leiis L. But sinoc; the amount of light proceedint? 
from the small objc*ct is diffused over the relatively 
enormous surface of the image, it is easy to undea^'staiid 
that the object must be very brilliantly illuminated il 
the image is not to be too faint. 

The strong illumination of the object is effected by 
means of a large convex lens iila^ced at the extremity 
of the wide tube constituting the body of the instru- 
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inent); this unites the rays of li^t required for the 
illumination into its focus. 

13y means of the screw 0 the object can bo placed 
ill this focus, whilst the screw 2> serves to move ihe 
lens L until the image is throi?^n with precision on ilie 
S(?reen. For ^he i^urpose of illumination either tlie 
light of the sun may, be employed, in which case the 



Solar Microscxtpc. 


apparatus constitutes, as in our*^gure, a true ‘solar 
microscope,’ which can be placed in the aperture of the 
Heliostat, or the apparatus may be littfacluHl to the 
frame of a Dubosq’s lamp, and the illiimimiiing pow(‘r 
obtained from the lime or electric light, in wliicli case 
th(4 superfluous names of ‘photo-electric microscojHj ’ 
atid ‘ oxy- hydrogen microscope ^ have been applied 
to^. 

The solar microscope proves of great service for the 
<^>bjective representation of small objects in s< i('ntific 
lectures. During the siege of Paris such a mi< mscope, 
illuminated^ by tie electric light, was made i . (* of in 
“rclor to project upon a scri*i'n and render avi '..i.ble for 
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several copyists iiiJages of tLe tiny photographic de- 
spatches that were brought by the carrier pigeons, 

49. If a convex lens be titled into the opening of a 
shutter of a darkened chamber, a variegated picture 
appears upon the oppotsite screen, like those which we 
formerly (§ 1^1) obtaim'd from a small o^jeiiing without 
a lens, but of greatcr*clt‘arness and sliarpnoss. For the 
lens pr()]ccts r<'al inv^ertt^l images of external objticts 
situated at more than <U>ubli‘ its fofal disttmee upon a 
screcm which lies bet\v(?en its focal distatjco and twice 
that dMance. But inasmuch as the external object.' 
are situated at very variabh^ distances, it cannot be ex- 
pected that the images of all should appear witli equal 
sharpness of outline upon the screen. In fact the 
screen can easily be aiTaugc'd in such a manner that 
the imago of a distant to wit is projected -^dtli sharp 
outlines; but then tlie k*aves of a tree near at hand 
a[)pear indistim't and confused. In order to obtain a 
distinct image of the tree tli(j screen must be removed 
to a somewhat greater di.«tance, but the definition oi 
the outline of the tc^wer is then again sacrificed. 

t These defects in the detinition are nevertheless leSb 
considerable . tj^an might at first sight appear. It 
need only be called to mind that if an object is removed 
from twice the focal distance from the lefts to infinity, 
its image moves over merely tHe short distance that inter- 
venes between its local distance tind twice that 'dv?- 
tance; a grea,t difiPerence in thi) distance of the oWcct 
thus corresponds to only a small shifting of the imi 
plane, and ind(;ed this is smaller in proportion to the 
remoteness from the lens of the nearest object the 
image of which is cast upon the screei^. It follows that 
ail objects lying beyond certain limits are depicted with 
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ioierably satisfactory sharpness of definition upon a 
plane situated near the focal point. * 

The dark chamber the object of which is to keep 
out collateral light from the image, *may be replaced 
bv a box the interior of which has been blackened 
75 ). 



The lemis is fitted into a niehil tube i which can be 
jna(l(' to slide in the draw tube h by means of a screw 
the head of which is shown at 7\ The box a is c»poij 
at the back and receives a second box b, open in front ; 
ill this is a plate of ground glass, the place of Avhicli 
can be shifted by pushing in or ouT?the box and which 
r<K*eivcs the image?. * 

The nearer the object the iinnge ftf^wdiich is cast 
upon the grgund-glass screen is, the further must the 
box b be withdrawn froiyi the box a. The fine adjust- 
ment is effected by the movement of the lens by mc'ans 
of tlu? screw r, 

^This apparatus, which in its now portable f^rm has 
re/jcived the name of camera obscura^ remained a 
mere plaything from the time of its discovery by Porta 
in the sixteenth century until recently, when its fleeting 
images liawc be^n successfully fixed by photography. 
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it has now, however, risen to be the chief implement of 
this highl}’^ developccl branch of art. 

The human eye is only a small camera obscura of 
wonderfully perfect construction. The crystalline lens, 
in common with the transparent refracting media filling 
the globe, casts upon the retina lining its interior an 
inverted real image of the external world, the impres- 
sion of which is conveyed to our minds by the functional 
activity of the optic nerves. The physiological and 
] >sychological processes by means of wliich, in addition to 
the physical, vision is effected, do not belong to the 
domain of physical optics. Their consideration, as well 
as the physiology of the organs of vision, must be passed 
over. 

50. Tli(' system of lenses we have here describi d 


projects mtl images, which when received upon a 


ri(.. 7fi. 



r .v 

(>l thf Micr(.sci pc. 


screen become apparent ‘to many 
ohstTvers simultaneously. We shall 
now refer to a series of optical 
instruments the virtual images of 
whicli are only visible to a siiirlo 
dtserver. 

Every instrument by means of 
wliicli enlarged images of small and 
near objects are seen,^ is called a 
‘ inicroscoJ)e.^ In tliis sense the 
lens above mentioned (p. 87) must 
be regarded as a micro- 

scope/ The compound microsebpe 
possesses a far greater sphere of 
usefulness. It consists csscmtially 


of two convex lenses (fig. 76), which are placed upon a 
common axis at a distance of somewhat nmi^? than the 
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sum of their focal distances. One of these lenses {a h) 
of very short focus is ajjplied to the object, and is there- 
fore termed the objective^ It projects to S an inverted 
find enlarged real image of any small object (r .s), plac(*d 
lit a somewhat greater distance^ than its focus, which 
acts as a lumiijous object to the glass m^arest the eye, 
<;r eife-jntTc. This image is setui^as the virtual imag(‘ 
H' U\ still furtlu'r enlin-ged by means of the ey('-j)iece, 
from wlii('li it is sj)mewhat less distant than the focal 
(listaiicii of the lens. 

I’ig. 77 exhibits the form and arrangement of the 
ordinary microscope. Th(5 ocular ??, and the objective 
(/, are placed in a verth^al tube, which, 
owing to its being accurately fitted 
into a brass sheath, n, is moveable 
with slight fri(^tion. 

The firie adjustment is effected l:>y 
turning the head of the sorew, /c. 

Th(j object, which is usually trans- 
parent and fixed upon a glass slide, 
is ])lac(Ml upon the stage, /; p, and 
illuminat(Ml by light reflected fro*in 
below by tlio mirror, «. 

Tf tire tube of the microscope be 
drawn out so i'ar thfit the image 8 11 is 
formed outside of or beyond the focal 
distance of the ocular lens, this lens 
l>rojocts a real image of the image 
If, whicdi can be received upon a 
screen. In order, however, that this enlarged imago 
‘^bould be sufficiently luminous, the small object must 
be very strongly illuminated by the light of the sun, or 
by that of 4.he lime light or electric kimj). The light 


ri«« 77 



'MiiirL.scupti. 
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intended for illumination must therefore be concentrated 
upon the object n by means of a laro^e convex lens, / 
7 s , aided by the mir- 



ror s. The real image of 
the image h, which, on ac- 
count of tVe vertical posi- 
tion oft he microscope tube, 
must be formed on the 
coiling,above, is thrown to 
the side towards c upon a 
paper screen by means of 
the i)rism p set at the angle 
of total reflexion. This 
aiTangement enables us to 
ma.ke use of any ordinary 
microscope as a solar 



jlode of ghnwinp tlw iiiia£r<* of a 
iiiioro->coij<'*as*.i II ol) |uct. 


, are placed on an axis (*< 


microscope. 

51. The essential fea- 
inres of Kejder’s, or the 
astronomical telescope, 
(fig. 70) are that two convex 
lenses, namely, an objective, 
o o, of longe'^, and an eye- 
pie(ie, V V, of shorter focus, 
a to both at about the dis- 


tance from each other of lire sum of their focal dis- 


tances. The objective forms near its focus an inveftecl 
real image, h a, of a rempte object, A which is seen 
through the eye-piece, as through an ordinary fens, 


in the form of an enlarged virtual imag^ V a\ The 
visual angle 6 ' m a , under which this image is per- 


ceived. is larger than the visual an^gle^ A G B, under 
which the object would be seen by the naked eye, which 
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explains the magnifying, or, if may 
so call it, approximating action of the 
instrument. As regards the further 
an^angeinent of Kepler’s telescope, the 
ckbjective is placed at the anterior ex- 
tremity, k, >ff a tube of appropriat(' 
Jength (fig. 80), which at the back part 
is provided with a harrower piece, in' 
which the tube, •<, containing the 0}e- 
pi(^ce, 0 , can be moved to effect pei’f'ect 
definition by means of a screw. Very 
large instruments of the same kind (‘in- 
ployed for astronoinical obsi'rvations are 
called refradors. 

Kepler’s telescope is rendered much 
more serviceable, not only for astrono- 
mical purposes but also for physicists and 
(Migiiieers, by means of the cross threads. 
These consist of two fine threads of a 
sj)id(»r’s web, wdiich are arranged at right 
angles to each other, decussating e.\- 
actly in the axis of the telescope, and 
are placed at the point where the image^ 
(I (fig. 79) is formed, in consoqutmeo of 
which they'must necessarily be seen dis- 
tinctly with the eye-piede. If the image 
,df a remote object, as, for example, that 
of a fixed star, appears at the point of 
decussation of the threads, the axis of 
the telescope is directed straight to this 
point, and its position gives the direc- 
tion of the visual line from the eye 
to the htar. Kepler’s telesccf^ie is 



Fio. "y. — ^Action of tlif tciuscojx;. 
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therefore employed in all our instruments for measuring 
angles. 

In the determination of the index of refraction (§ 85), 
it enables us to measure the slightest deflection eftected 
by a prism. An instrument termed a theodolite is made 



Astronomical tclo&coi>c. 

use of for the same purpose (fig. 81) ; it consists of a 
horizontal disk capable of rotation around its centre 
(the indicator disk), and a telescope' supported upon 
trunnions. Two markers exactly opposite each other 
(Nonia) of the revolving disk j>oint 
„ to an immoveable circle (limbus) sur- 
rounding it, which is divided at its 
circumference into degrees. Iji order 
to determine the deflection of a ra.y 
of light by a jirism, the telescojie is 
first, directed to a narrow and remote 
source of light ; as, for example, a 
vc'i'tical slit in the shutti'r, until the 
imago of the slit coincides with the 
vertical thread of the cross threads, 
and the nonia. are ri'ad off. The 
telescope with the indicator circle is 
then turned till the slit is again perceived to c.oinci8^‘ 
exactly with the cross threads tlirough the pri.sin placed 
in front of the objective, mid the nonia are again read 
off. The difference between the two ret^idings gives the 
angle of deflection, h m c, sought for. 



iM-numciit lor nipiisuni 
tho pnsinuiio (U'Uuctioii 
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III the mirror sextant also 24), a Kepler’s 
telos<Ajpe is nsual for exact vision. 

If the tube containuif^ tluj eyi‘-]jiecc of a Kei)ler’s 
telescope he moved so that the ima^e, h a (fi^. 83), is 
more distant from the eye-piece than its focal distance, 
a real but invijrted (and therefore in re^^ard to the object 
its(df erect) image of the image, h a is ]»rojccted. In 
this way an image of the dish of the sun may be 
thrown upon a scfeen one metre in diameter, in which 
the sun siiots are 2 )lain]y visible. 

52. lly means of Ivt'pler’s telescope objects^ are seen 
inverted, Avhich is of little imiiortance in astronomical 
observations, but is objectionable in the observation of 
7*emote objects ujion the surface of the earth. 

This inconvenience is overcome by n^jdacing the sim- 
ple eye- 2 »ii»c(' acting like a lens by a fetddy magnifying 
com^iound microscoije, wliicb again inverts the inverted 
image. The compound ey(*-piece of the terrcstiaal teh'- 
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lerrcstruil tOessCope. 


scope is usually composed of four convex lenses fixed, 
in one tube. Tliis arrangement is seen in fig. 82, 
^vMcli represents a portable lelescof )0 with draw tubes, 
nr, in other words, one that is ca 2 >able of being shut np. 

* 53. Objects are also seen erect with the Galilean, 
Dutch telescope. In this form of the instrument 
the real image, 5 a (fig. 83) of the object A B thrown by 
fhe convex objective, o o, is not formed, for the rays 
here, convorging ns tJiey do towards every image, strike 



Fig. Con«tntction of Gnliloo’s irlcs(?opo. 


108 


OPTICS. 



ILo cqxieave tn p-piece, v v, wliieli rer Jers 
tliein so far divei'j^ciit that they appear 
to wme from ihe vertical erect iinajje 
af h\ So shows very distiuctly the 

course of^the rays of li^ht proceeding 
from the point A of the ob^^r^ct. For the 
iimi.ge a' to be seen under a largtT 
visual angle than *1116 object looked at 
with the naked eye, ^he virtual focal 
distance of the ocular must be smaller 
than the real focal distance of the objec- 
tive, and the' two lenses are accordiiigl3^ 
])laced at about the diflereiicc of these 
two distances from each other. 

The usual form given to the instru- 
ment is shown in fig. Bl. As no real 
image is formed by the objective, no 
cross wires can bo inserted ; Galileo’s 
telescope is coriS( 3 quently not applicable 
as a measurer. Nor again is it possible 
to obt^^iii any very high magnifying 
power by its means. On the other hand, 


I n,. 81 



Galileo’s tele&oope. 


on account of its small length it is 
extremely convenient as a pocket tele- 
scope, and is appropriate therefore for 
the use of opera glasses (wiiti double or 
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ti’iple magnifying power), and ta> the so-callcd field 
glasses, which are able to magnify 20 or 30 diameters. 

54. It is very intelligible that x^n account of the 
very similar behaviour of lenses and spherical mirrors, 
telescopes can be constructed ki which a concave mirror 
plays the paJt of the objective. Fig. 85 shows the 
construction of a Newtonian telescope. The concave 
mirror, S Sy placed at the bottom of a correspondingly 

FIG. tSO. 



Action or Newton's U’rtcclinjr ti'lescopc. 


Wide tube, open in front, collects the rays of light 
coming from a remote object to form a real inverted 
image at n. Before, however, ’•the union is effected 
they are thrown to one side by a plane mirror, p, inclined 
at an angle of 45° to the axis of the Jiibe, so that tin* 
image is thrown to 6, when it can be observed in tin? 
direction o & through the convex ocular o, as through 
a niicroscopc. 

• The reflexion of the small image to the side is 
Jiecessary, because if the little image a be looked for 
from the front, the head of the observer would obstruct 
the passage of light to the mirror. In the colossal 
telescopes (Reflectors) of Herschel and Lord Rosse, the 
mirrors of which are from 1 to 2 metres in diameter, 
the use of such a. si^cond mirror, and the consequent 
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loss of is avoiiJed by a simple artifice. The con* 

cave mirror (h^. 80) is a little inclined to the axis of 
the tube; consequv}ntly, the real ima<^o, a, comes to 
lie close to the circumference of the tube, and can be 


Action of the roflcctinf^ telescope with anterior opening. 


observed through an ocuhir, o, in the same. The head 
of the observer is even here, no doubt, partly in front 
of the aperture of the mirror, but on account of the 
large size of the latter it is of little importance. Jlerschel 
called his instrument ‘ a front view telescope.^ 

In using Newton’s reflecting telescope the observer 
has the object looked at to his 
side ; in a front vi(*w telescope 
he turns his back upon it. This 
circumstfince, which (‘xcludes 
direct vision for s(*arcliing pur- 
poses, .as well as till' inversion of 
the image, render both instrn- 
nients inconvenient for the olp 
servation of torn^stiial objects. 
Tn Gregory’s reflecting telescope. 




tlie (‘xternal appearance of which 
is shown in fig. 87, these evils 


are avoided. The concave mirror, s si (fig. 88), is per- 
forated by a circular opening in its centre, and the 
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ocular, 0, is placed in a tube behind this aperture. Tbe 
diminutive inverted real image of a remote object is 
formed at a, somewhat beyond the* focal distance of a 
small conclave miiTor, V. This throws to a once more 
inverted, and coiisecpiently in relation to the object, 
erect image, Iv Inch may be looked at through the ocular 
as with a lens. The line adjustment is effected by 

Pig. 88. 

f - ^ i 


0 

p t 



Actiun i)l Grtgury h rc tiecWr. 


shifting the little mirror, V, by means of the shaft, m n, 
which is provided at »i with a screw and at n with a 
head for turning it. It is only in the construction of 
very large instniments that reflectors ofler any advan- 
tages over refractors. The use of the smaller reflecting 
telescopes was formerly very general, when the inode 
of production of objectives in the perfbSiion desired was 
not understood ; they give, however, only faint images, 
and cannot now compete with refractors, though very 
recently they have again undergone great improve- 
’ ment by the application of silvered glass instead of 
aasily oxidisable fused metal miiTors. 
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CHAPTER VITI. 


DISPERSION OF COLOUR. 

55. The inferior (positive) carbon p^iiit of the electric 
lamp is now to be replaced with a thick cylinder of carbon 
excavatet^ on its free surface for th(' reception of sub- 
stances the behaviour of wliich in the ai(; of the electric 
haine is desired to be investigated. After pliwang the ap- 
paratus in the Dubosq’s lamp, a fragment of the wax-like, 
silvery metal Sodium is iiisertod into the carbon cup, and 
the two poles are approximated. At the instant of their 
contact, the current passes through the 
carbon f‘lectrodt‘S and the little ball of 
iiietal, which quickly evaporates and fills 
ihe arc of flame with its vapour. The 
wliolc pr^weess may be distinctly followed 
upon a screen on whicli an enlarged image 
of carbon pole is thrown by the lens 
when somewdiat drawn out. Owing to 
the metal vapour ^yhich rises ftom ihe in- 
ferior carbon point, the flame acquires a 
liigher degree of conductivity. The poles., 
can therefore be removed 'to a much 
greater distance from eoich other without 
extinguishing the arc of light which now 
of forms a long flame, shining with a daz- 
thoeiectnc flame, ycllow light (fig. 89) , vUlilst the carboii 

points, on account of tbeir greater distance 'from one 
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another, glow much loss brightly, and give off much loss 
light than was tlie ease in the experiments (§ 46 ) 
formerly made with pure carbon pointy. 

This yellow light of the vapour of Sodium glowing 
m the electric flame may now bp used for other exj)ori- 
inents. • In tlic|first place the lens v)f the Dubosq’s laruj) 
may again be pushed to a suflLcieut distance inwards to 
allow its focus to be situated in the arc of light; its 
lays are then rcndqi’ed parallel. 

The opening from which a broad cylinder of rays 
now emanates is closed with a cap liaving a small ver- 
liciJ slit in it, and the slender beam of j^arallel rays 
proceeding from the slit falls upon a convex lens.* 

If the lens be placed in a proper position, it throws a 
well-defined image of the narrow slit upon the screen, 
which of course exhibits the yellow colour of the 
source of light employed. 

A prism is next placed in the erect position behind 
the lens in such a manner that its refracting angle is 
v(ui:ical, and is consequently parallel to the slit. The 
light proceeding from the lens is deflected away from 
the refracting angle of the prism, and the image of the 
slit is exhibited, shifted laterally upon the screen, but 
otherwise unaltered, appearing as a sfehder vertical 
yellow streak. (The prism as in all cases is arranged 
so as to give its miiiimjim refraction.) Up to Ibis 
poiat the experiment teaches nothing new. Every- 
p. thing takes place as might be anticipated from our 
huqwledge of the action of lenses and prisms. But 
it the electric current be inteiTupted, in order that a 
^»ew and clean carbon point may be inserted and afrag- 

* Thj lens irtfcst be achronwtic. See Chapter IX. 
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inent of Lithium ^.eposited in its cavity,* the arc of 
flame assumes a splendid red tint, as does also the 
image of the sli^, whether thrown directly upon the 
screen or displaced by the prism. We observe, however, 
that the deflected imjige is now less distant from the 
position of the direct image than in t^(^ previous ex- 
periment. The red light of TAihinm ?.s* ihuiiscen to he lefis 
atrovijhf refracted through the saaw prisiu than the yellov) 
light if Sodium. 

The same experiment may be repeated, taking a 
fresh pjece of carbon each time, with the metals Thal- 
lium and Indium. The apleudid green light if Thallium 
is more st rough/ refradvd than the yellow light of Sodium,, 
vdiilst the blue light of Indium undergoes a still stronger 
refraction than that of Thallium. 

It is thus seen that the four kinds of light which 
liave btJCTi companjd, besides the differences of colour 
they present to the eye, differ amongst tliemselvos iu 
the circumstance that their refraiigibility is progres- 
sively greater in the order, red, yellow, green, and blue. 

A mixture of the four metals, Lithimn, Sodinni. 
Tballium, and Tndfum may now ])C placed upon the 
lower carbon pole. The glowing vapours of all four 
metals are tlflfs present at the same time in the flame. 
In the first place, let the direct image of the slit which 
the lens throws upon the screen without the inter- 
vention of the prism be considered. As in the pr(‘- 
vions experiment, it appears as a bright sharply-defined , 
vertical line, in which nevertheless it is impossible to 
distinguish any definite tint of colour. The impression 
received might rather be called that of ‘ white ’ Kght. 

* Instead of the metal itnt lf, one of its faults, asfor inbttince the Lithium 
c.ar]v>nMt«% iiiny ho usud« 
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t )n placing the prism again behind^the lens, there ap- 
pear upon the screen no longer one but four refracted 
images of the slit. We see the foi^r coloured bands, 
which we had before us in the previous experiment 



dotlfction of difForent colourcjd' rays of light. 


separately, now coincidently one beside the oth(U’, each 
occu2)ying its own proper and each being ar- 

rang(‘d in order according to its ^I)ccific refrangibility 
(lig. IK)). 

The white light of the electric flamois consequently 
comjwuiidy or is a mijciure of four different kinds of light, 
which, owin^ to their different refrangibility, are sepa-» 
rated from one another hy the prism. Neither of the 
kinds of light composing the flame undergo any farther 
<iecompositioif by the prism, and hence they arc termed 
simple or homogeneous light. The prismatic decomposi- 

* It is obvious that tlio prism can only bo arranged with precision for 
die minimum deBection of one kind of light. At the same time if this bo 
the case for one kind oi lijilir, as for instance for the Sodium, tlie re»>{ic- 
doii of the other kinds of light must be nearly at its minimum. 
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tion of compound light into its constituents, by reason 
of their different refrangibility, is called the dispc'^sion 
of light 

It is not every chemical substance which, when 
brought into the electric flame, gives so simple a light 
as the four named above. If, for exain|le, Strontium, 
or a salt of this inctaj, be placed on the lower carbon 
]^oint, the arc of flame assumes -a brilliant red colour, 
Avliich, however, is not homogeneous like that of 
Lithium,* since by breaking it up with the prism a 
group <^f red and orange-coloured lines may be ob- 
tained upon the screen, and lastl}", at a considerable 
distance from them, a beautiful blue line, none of which, 
however, coincide with tlie lines of any of the above- 
mentioned metals, for the brightest red band is some- 
what more strongly refracted than the Lithium band, and 
the blue band is less refracted than the Indium band. 

The arc of flame is coloured yellowish green by a salt 
of Barium. By prismatic dispersion, a group of orange- 
yellow and *green lines are obtained of which again 
none agrees with those above mentioned in its refran- 
gibility. A characteristic line or group of lines thus 
corresponds to every metallic element, and serves to 
indicate its prtS&nce in a mixture of luminous vapours. 

56. The same method of decomposing^ light which 

• 

* The light of Lithium is howerer, itself not completely' homogeneous, 
since in addition to the red, it contains an orange-coloured eonstituont 
which is refracted more strongly than the red of the Lithium and yot led' 
strongly than the yellow of ttodium. The Indium further shows besides the 
blue a still more strongly deflected violet stria. The orange-coloured con- 
stituent of the Lithium light as well as the violet of the Indium light being 
very fnint as compared w'ith the red of the former and the blue of the latter, 
;ire for tlie time neglected in the above ejEperiincnts. Tlie yellow light of 
Sodium, on the other luind, as well as the green oi|Thallivm, may bo re* 
garded as hoinogt neous .{.inds of light. 
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has preTiously been made use of in txamining tlie light 
of the electric flame saturated with metallic vapours, 
may now be applied tt) the dazzling light of the glowing 
carbon points itself. For this purpose tlie earlier ar- 
rangement in whicli both poles qonsist of small cylinders 
of carbon may ha reverted to. The flame is sliort between 
their approximated extremities, and its feobl^ light is 
far surpassed by the* glow of the white-hot carbon 
points. Before th^ prism is int(^rposed, the lens throws 
upon the screen a sharply-defined white image, the slit 
having a height of about .30 centimetres (13 inches), 
and very small breardth. If the prism be now placed 
behind the lens, there appears defiocted laterally upon 
the screen a beautiful coloured band which siretches 
liorizonially to the length of nearly a metre, but whicli 
]>reserves th(‘ height of the slit in the vertical direc- 
ti<jii (about 30 centimeti'cs). The baud shows at the 
end which lies nearest to the slit a hcuiiitiful red, then 
follow ill order the colours orange, yellow, green, light- 
blue, indigo, and finally violet. No one of the colours 
is shar2)ly defined from the adjoining ones, hut each 
passes into the next through all possible iiitermediatt* 
tints. This coloured ,baiid (indicated in fig. 90 *by 
shadow tinting), is called the Spectrum.** 

The experiments made above with the electric light 
point out how the formation of the spectrum may be ex- 
phwned. Every homogeneous kindof light contained in tin 
^eain striking the prism forms on the screim a slendei 
image of the slit exactly at the spot whicli corresponds 
to the refrangibility of that kind of light. The spec- 
trum which extends through a wide region of refrangi 
bility is consequently ^to be explained as the uninter- 
I’Rpted sucyession of innumerable images of the slit 



118 


()PTICS. 


which are arrangcd^in the form of a continuous band. 
The conclusion is tlius arrived at that the white light 
of the electric glowing carbon is composed of innumer-. 
able homogeneous kinds of light, each of which pos- 
sesses a definite refrangibility in regard to the prism. 
The refrangihllHii coniinnoudy increasi^ from* the red 
ivliich is the least, to^ the violet which is the most, re- 
fra7igihle light. 

That the colours of the spectrnq^ are really homo- 
geneous may be x)roved by the following experiment. The 
, spectrum is received upon 

a screen in which is a 


( ^ narrow vertical slit (lig. 91). 

I be placed in the 

/'o middle of the green this 

coloured light only passes 
, i hrou gh it, and it undergoes 

no further decomposition 
Undecomp 'Mlulitv nf tho oolour.> if it be made to pass through 

Ot tl'O S1»L’!.-Lruitl. t . ITT 

a second prism placed be- 
hind the slit. Undei; these circumstances it is merely 
deflected, without any alteration being eftected in its 
colour, an{L is consequently demonstrated to be homo- 
geneous. The same holds for all the other colours of* 
^the spectrum. The groups of linos produced by the 
metallic vapours may also hi regarded as spectra in 
which only a limited number of kinds of light (or even 
only a single kind) is represented. In .this sense, for 
example, it is said that the spectrum of Lithium consists 
of a red and of an orange red, that of Thallium only of 
a single green line. In opposition to thi^ interrupted 
spectrum, that of the carbon points is failed an uninter^ 
ru'pted or continuous spectrum. ^ 



DISPERSION OF COLOUR. 


110 


In giving an explanation of the (jontinnous spectrum 
as a succession of closely-arranged images of the slit, it is 
requisite to explain why a narrow slit i)arallel to the re- 
fracting angle of the prism is selected as the opening for 
the incident rays. If the aperture had some other form, 
as for instanc(| a circular one, the several images re- 
fracted through the i^rism would 
ov(‘rlap one another at their 
edges, as is showji in fig. 02, 

each colour \\0uld mingle with Imrun' siKrtrmn obLanifnl by tin* 
the adjoining one, and no part a iirunur npLumK. 

of the spectrum thus obtained would exhibit a pure 
and homogeneous colour. By the adoption of a slit 
jilaced parallel to the angle of the prism this evil is 
to a great extent avoided, and in f^oint of fact the 
spectrum becomes purer and the dispersion into homo- 
geneous colour more com^dete the narrower the slit 
is made. 

57. As while light is a mixture of the various 
coloured rays of the spectrum, these must conversely be 
(‘.apable of being combined together again to form white 
light. In fact, if the spectrum be allowed to fall upon the 
anterior surface of a large lens I (fig. 'd3),* all the fays 


tls 



Combiu.VioH of the colonrs of tlio PiJectrum to form wbito Ijpht. 

proceeding from a j)oint of the posterior surface of the 
prism unite in the conjugate point /, and thus throw 
upon a paper screen placed at this point an image of 

* The Icus must bo mchromativ. 


Fig. f)2. 
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the posterior surface of the prism in which the dis- 
persed rays reunite. This image is white. 

It immediately ceases to he white however if one 
of the colours be abstracted from the mixture. If, for 
example, the red and orange rays are received on a 
2 ?risrii of small refracting angle 
(fig. 04) 2 >laccd behind the lens, 

' these are deflected and j^roduce 
at the side, at a reddish 
coloured image. The image /, 
in which still the yellow, green, 
blue, and violet rays unite, now 
exhibits a greenish mixed colour. 
These two reddish and greenish 
colours must when mingled to- 
gether (which can be immedi- 
ately ettected by removing the 
])rism ji#) obviously ]>roduce white 
light again, for the one contains 
exactly those kinds of rays required by the other to 
form that mixture which we call white. Two colours, 
which in this way fettm -white by their union, are 
callad complementary colours. As the prism is gradually 
moved alonjv tho' whole length of the spectrum other 
colours constantly become deflected to the side, and 
the images n and / exhibit ^successively an entire 
series of complementary pairs of colours. By tlws 
means we learn that red and green, yellow and blue, ’ 
greenish yellow and violet tints are complementary to 
one another. 

In order to mingle any two simple colours a screen 
with two vertical slits a and h is placed before the lens 
I (fig. 95), the distance and breadtli' of i\hich can 
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be altered at pleasure ; it follows tiien that only those 
parts of the spectrum are combined in the image / 
which have traversed these slits. From r(‘d and violet; 
a full purple-red is thus 
obtained, from blue-violet, 
and orahge a Jelicatc rose* 
colour, but out of Indigo 
blue and yellow — white. 

Thus in order to obtain the 
impression of white for our 
eyes, the co-operation of 
all the colours of the spec- 
trum is by no means neces- 
sary, but as Helmholtz first 

, 1 1 1 CoinbimiUoii ol two hoiDowneous c-oloiirri, 

showed, white may be pro- 
duced by the combination of on/// two homogeneous 
colours. Amongst the homogeneous colours comple- 
mentary to each other are red and greenish blue, orange 
and clear blue, yellow and dark blue, and greeiiisli 
jedlow and violet. It is generally found that for eacli 
part ol the spectrum from the red^nd to the beginning 
of the green, there is a complementary spot in that p^irt 
of the spectrum which extends from the ^^ommenceniont 
of the blue to the violet end. The green spectrum colour 
alone possesses no simple colour, but only a compound* 
one complementary to it, 'namely, pui'i)lo. 

^ o8. The refraction of compound light is in all in stances 

ccompanied by dispersion. If for example a beam of solar 
rays be allowed to fall upon a prism, this is not merely 
deflected, but becomes at the same time spread out 
like a fan, producing upon a screen a solar spectrum 
'vhieb is composed of the same colours in the same* 


Fig. 9;>. 
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sequence as the spefctrum of the glowing electric carbon 
points.* 

The dispersion of the colours of the solar rays is 
exhibited on the most magnificent scale by Nature her- 
self in the splendid pbenomenon of the rainbow. A 
rainbow is s(H»n whenever the observer ^‘turns Ilia back 
to the unclouded sun ,and looks towards falling rain. 

The following experiment Avill explain the mode in 
whicli the rainbow is formed by refraction and internal 
reflexion of the solar rays in the spherical rain-drops. 

Upon a glass sphere h filled with water and having 
a diameter of 4 centim. (1^ in.) a beam of solar light of 
equal or greater diameter than the sphere is allowed to 
strike horizontally, and there is them seen, upon a large 
screen s s placed in front of the sphere, and perforated in 
its centre to allow the passage of the incident r«ays, ar- 
ranged concetitrically to the aperture and at a distance 
from it which is nearly equal to that of the sphere from 
the screen, a beautifully coloured circle, in fact a circular 
spectrum, the colours of which are arranged concen- 
trically and in such ji manner that the red is outside 
and the violet on the inside. At a still greater distance 
from the centre of the screen a second similar but 
much fainter circle is observed, the colours of which 
however succeed one another in the inverse order, 
the red appearing on the inside and the violet at the 
outer periphery. 

The first circle is formed by rays wb\cli have peno- 


* If it be reciiiircd to invnsticato the plienomcna of pcfrnction apart 
fiom the influence of dispersion, horaop;encous light must be employed. On 
this ground, in investigating refraction through a prism, the aperture of 
tdie Heliostat was formerly (§ 3») closed with \ red glass which only 
permit.s red and nearly homogeneous light to pass through ih. 
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trated the sphere and have beeL reflected from its 
posterior surface, emerging again at its anterior surface. 
By reason of this twofold re- • y^. 

fraction and a single internal 
reflexion, as is shown in fig. 

!)(>, the rays^ experience a 
deflection from their original 
course which differs ^vith the 
distiinee of the incident rays 
ii’om the central ray. By 
Ihe central ray we itieaii that 
which passes through tht‘ 
centre of the sph(*re ; it is 
refleet(Ml upon itself at the 
posterior surface, and con- 
secjuontly undergoes no re- 
fraction. As we pass from 
this central ray the refraction 
of the rays begins to increase 
until at a certain distance it reaches its maximum ; 
from this point onwards to the outermost rays striking 
the margin of the sphere the amount of rofraefioii 
again diminishes, 

The most strongly refracted rays which strike the 
screen at the periphery of the circle cause an illumina# 
tionthat far exceeds tha.tof the single point in the interior 
^ofthe circular area. If we commence with the rays which 
undergo the gj^eatest amount of refraction and pass either 
to the central ray or tx) the marginal rays, the refraction 
altx3rs at first very slowly and subsequently very quickly. 
Ooiisoquently the rays wdiich adjoin those that are most 
T’cfracted assoeiai^ themselves with the latter after their 
emergence^ and augment their light. Those rays, on 



lU fraction and intprnsil rollexion in a 
nun-ilroj). 
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the other hand, thattfall near to one another on other 
parts of the watery sphere emerge after the second re- 
fraction at a distanpe from eacli other, and are incapable 
of producing any well-marked illuininatioii upon the 
screen. * 

If the experiment witli homogeiieoiiJ* light *be re- 
peated, the a^jerture of J^he lleliostat being cov(*red with, 
for example, a rod glass, the image upon the screen is 
reduced to a feebly illiimhiated circutir area, which is 
surrounded by a ver^^ bright cmuilar lino. The greatest 
deflection for the red rays amounts to somewhat more 
than 42° (the angle between o k and Jc 1) ; the other 
colours, in consequence of their greater refrangibility, 
approximate again more to the direction o Jc of tlie 
incident rays, and produce circles the radii of whi(*k are 
successively smaller in the order of their refrangibility. 
The deflection ol‘ the violet rays amounts to about a 
deijree less than that of the red. The direct whit(* 
light of the sun must therefore produce the circular 
spectrum which is seen on the screen. . 

The second iridesce;?it circle is caused by rays which, 
as is shown in lig. 97, have been twice refracted and 
twice reflected from within. The least 

• t 

refraction to which such rays are liabh* 
amounts to about 51° ; for tiie red rays 
somewhat less, for the violet somewhat 

.. ^ more. This least refraction corre- 

sponds to the second circle, the brilliancy 

IlrfractlTO and double /.i-i i n At ± 1 

muTMiii roflexion in of wliicli, ou account of the repeated 
araui-drcp. reflcxioii, is very naturally considerably 
smaller than that of the former. 

Every falling rain-drop acts in exactly the same 
manner as the sphere filled with water. An observer 
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at 0 (fig. 98), looking at falling rain with his back to 
a brilliant sun, perceives therefore the light once re- 
llected in the interior of 
llie drops, but only in 
sufficient strength from 
such drops as a-^e distant 
about an angle of 42® 
from the point of the sky 
opposite to the |iun.* 

The rays coining from 
(ther drops continue 
t heir course past the eye 
unseen. Since the drops 
A A' whieli remit the red 
rjiys toward Oare some- 
what more distant from 
the point S than the 
drops 1jV\ from which 
ilic‘ less strongly refrac- 
t(^d violet light proceeds, 

1 he observijr perceives around thfi;^ central point 8 the 
''irel(‘ described, in which the colours of the spectnim 
are arranged concentrically from without inwards in 
the ordc*r of their refraiigibility. Tliis constitutes 
the primary rainbow. , 

The much fainter secondary or subsidiary rainbow 
is distant about an angle of 51® from the point 8. It is 
''^jroduced by Hie rays which, after being twice refracted 
ami twice reflected, have undergone the least possible 
dcilection in the rain-drops ; and the reason that the 

* It is that point w)ipre the shadow of thi- heatl of the observer would 
I'dl if the eartl#did Lot liiiidur it. 


•Fl«. 98. 
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colours are arranged, in it in inverted order — the red 
being internal and the violet external — is easy, from 
what has just been stated, to understand. 


I 

APPENDIX TO CIIAPTEK VIII. 

ON THE TIIEOIIY OF THE JIAIXHOW. 

In fig. 90 the circle may represent a §phere of water or a 
drop of rain. If 0 S be the straiglit line drawn from the central 
point of^tlic drop O to the the line parallel to it will 

represent a ray of the sun striking the dro]> at the ]K)iiit A. If 
the radius 0 A be prolonged to X, the angle L A S or the angle 
equal to it, A O is the angle of incidence (i) of the ra)’ S A. A 
part, A fJj of tills ray penetrates the drof) under an angle of re- 
fraction r, and becomes at Is, wheie it strikes the posterior surface 


Fig. 91). 



Refraction and inffTiial refloxion in a drop of water. 

under the angle of incidence A B 0 = r, i)artially reflected 
inwards, B (7, and returns lastly, after it has suffered some loss 
by reflexion, inwards at the point C of tlie anterior surface of* 
the sphere, into the air under the angle of refraction M C * • 

Let the ray C E which has been twice refraefl^jd and once reflected 
towards the interior be more particularly considered. 
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The angle dj which corresponds to thj difference between the 
emerging ray C E and the direct rays from the sun, results in 
the drawing from the prolongation ol’ the lines S A and C E Xjq 
their decussation in D. The point I) must* obviously lie on the 
prolongation of the radius O which divides the whole figure 
symnietrically, and constujuently bisects the angle of refraction 
d. FrcJtn the tuanglc A Ji />, in wdiich the angle A D B ^ d 
and Ji A D =. i—r are o]»])Osif(‘ to the external angle A B O 
WG perceive at once that there is the folloAving relation be- 
tween the several angles of deflection, incidence, and refraction — 

i — r — r\ 

or, which comes to Uic same thing, 

d = 2 (2/—/). 

This expression shows Ikw the angle of deflection varies with 
angles of incidence and ol refraction ; that is to say, with the 
point where the incident ray strikes the anterior surface of the 
drop. The central ray S O, for cxamjde, which strikes the sur- 
liice of the sphere i)erpendicularly at 1\ is reflected upon itself 
and undcrgoc^s no deflection. Ihc ray C Ey on the other hand, 
winch entered the drop at the jioiiit divvTges considerably 
from its original direction JS A. Thus it comes to pass that the 
innumerable parallel rays that fall upon the upper part PA of 
dae dro]), emerge du'enjimjltf in various^liiectioiis from its lower 
part PC. Tlie eye of an observer suiiiding at a great distance 
and looking towards tlic louver part, P C, ol' the sphere, in general 
therefore receives only a very faint impressioili* of light because 
almost all the rays proceeding from this point j>ass by, and only 
a few reach him. ^ • 

A stronger impression uf*light can only be perceived in the 
event of there being some point uj>oii the anterior surface of the 
drop in the vicinity of which the incident parallel rays are so 
rclracte-d that after having left the sphere they still continue their 
course together in tlie direction of their emergence, so that, 
instead of a single ray, a beam of light composed of a large 
number of nearly parallel rays reaches the eye, exciting it to a 
livelier sensation of ?ight. 
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In order to discover Ithis point, supposing it to exist, let a ray 
be considered which strikes Uie sphere very near to the point J . 
To this the angle of incidence z -f-a corresponds, which dillers only 
by the very small amount a from that of the ray S A. Coin- 
cidently, however, with the angle of incidence the angle of refrac- 
tion also undergoes a small akemtion, /3, and bej'omea r -b />. In 
consequence of this, the deflection d must also cJiange to*a small 
amount and obtain a new^ value d\ The relation above. Oiund 
must, however, still always remain between these altered values ; 
tliat is to say, it must happen that ^ 

d = 2 (2r + 2/3- 1 -a), 
or that ^ (i = 2 {2r—i) -f 2 (2/3 — a). 

If this new value of the deflection be now compared with tlie 
former one, we perceive that the two values are equal to each 
other, when 

fi = 2/3. 

Hence, in order that two noighbouriug incident rays should un- 
dergo the same deflection by the drop of water, that is to say, 
should emerge from it parallel to each otlicr, it is necessary that 
the small alteration which the angle of incidence undergoes in 
passing from one rag to another be tivice as gi'eat as the cor re-- 
sponding alteration of the angle of refraction. 

Fig, 100 will serve show how the determination of the 
position of the point on the periphery of the sphere in which this 
concfitioii is fulfilled is effected. 

The smaller of *^110 two concentric circles represents, as in the 
preceding figure, the circumference of tlic drop. 

• In order to obtain the angle of , refraction corresponding to 
the angle of incidence A O in accordance with what 

has been already stated respecting the law of refraction,* a 
second circle is to be constructed around the s?.me centre, the 
radius of which is greater in tlio proportion of n to 1 (71 tv 
presenting the index of refraction of water). Supposing the radiuf 
of the first circle to be unity, that of the second will equal n, and 
if we now draw through A the straight line Q B j)arallel to 0 M, 

* Sec Appendix to Chapter V, 
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and join the point J? where it cuts the circlimD'reiico of the larger 
with the centre O, B 0 M will represent the angle of re- 
fraction r corresponding to the angle of incidence i, 

Tiic segments of the circle Hf A and M (7, which correspond 
10 these angles upon the circumference of the circle having a 

P'lO. KH). 


P 



r.ulmsofl may serve as a measure of thcin. If the same con- 
Mniciioii bo repeated for the larger an^c of incidence a()^^ 
i 4 a around the same segments of the circle .d « = «, whilst 
V h drawn parallel to O il/, we obtain the an^^le of 'refraction 
M or c O M, which exceeds the foregoing to the small extent 
= /5. The ar«s A a anti C c tlius represent the corresponding 
{dtoralions of the angles of incidence and of refraction, and being 
Very hmall segments of the circumference of the circle, they may, 
any very groat error, be regarded as rectilinear just as 
tht' in c Ji />, wdiicli*' corresponds to the small angle of the central 
C 0 c = /I upon the circle having a radius w, and is thcre- 
Ihrc ecpial to nft. 

ll’lrom the points A and B w’c let fall the perpendiculars y1 k 
Ji Ij and from O the perpendicular 0 (/ upon the straight line 
7 wp can easify see that the small triangles Aka and B b are 

K 
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[londing 


himilar to the corrcs] 

J? Q 0. Hence it follows that 
A <^^A0 
AK^ A(i 


and larger triangles A QO and 




1 JLJV 


no ^ 

BQ' 


if we indicate A Q by v, B^Q by i/, the eiiual sogments A k and 
Bl by m, and conceive that yl O — B O ^ Uj A a,= «, and 
B b = w/5 ; then, 


iuid = 

m V ut r 


% 

or also, since in the second equation the liictor u appears upon 
both sides and may therei’oro be eliminated, 


a 

m 


= ^and/5=‘. 


From these two equations it restdts that the ratio of the two 
augments a and /> assumes the following form : — 

that IS to say, 

/3 V 

sinee the coincident changes of the angles of incidence Jind refrac- 
tion are constantly to one another as B Q : and yl Q . ; and a is twice 
as groat as /3, then'fore B Q must be twice as great as A Q, or 
the point A must bisect the line B Q. In order, consequently, to 
discover the jioint A ujrou the jieviphery of the sphere of water 
« the neighbourhood of which the parallel rays of the sun are so 
retracted that tl^cy leave the sphere as a parallel beam, the fol- 
lowing construction must be applied. Around the circle which 
represents the circumlereiicc of the drop and the radius of which 
is taken as = 1, a second circlens described wiih the radius //«, 
n being regarded as the index of refraction of water ; we^ now 
draw the diameter Ji 0 IV parallel and the diameter POP' per- 
pendicular to the direction of the incident ray«, and amongst the 
innumerable lines which may bo conceived as drawn from the 
points of tlic circumference of the second circle parallel to JP 0 P' 
to meet R 0 R\ seek ibr that one which is bisected by the first 
circle. The middle point, which must ol.)viously lie in the cir- 
cumference of the first circlcj is the point required. In order 
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to attain this end witli certainty, the search must not be entered 
-n])on thoughtlessly, but must be proceeded with systematically. If 
the collective sericjs of lines Q he conceived to be bisected, in- 
numerable middle j>oirits are obtained, amongst which is neces^ 
sMrily the one sought for, which, as a whole, is always a curved 
l ine passing through the terminal poifit P of the second diameter, 
;i,!id through the bisecting point N of the radius 0 This 
curved line is obviously an ellij)se, the, greater semidiameter of 
which OP = tiy and the similler semidiaiiu'ter O ^n. This 
can he easily constriictijd, and is seen in the right half of fig. 100. 

As the point looked for must lie upon this ellipse as well as 
u|M:>ri the circle with tlie radius I, it is found immediately as the 
j)oiiit of intorsection (A') of these two curved lines. The angle 
of incidence sought for A' OJ\I' = ?, as well as the corresponding 
angle of refraction Ji' (> II! = r, may now bo obtained either 
directly from the figure by nieasuromcnt, or more exactly by 
calculation. 

11 it b(5 admitted lor the sake of argument that the sun emits 
only the simple yellow light of Sodium, the index of refraction of 
waiter for this kind of light is exactly J. If tliis value he taken 
■ IS a base for the construction, we find ?j = 21', 7’i =40“ 

12',* and since is equal to 2 (2r| — 2 * 1 ) the corresponding de- 
dection is 

d. = VP. 

w 

In this direction only does a beam of nearly iiaralhl rays 
cinei-gc from the drop, which, because they rer^ain together in 
tlu! Jong path to the eye, penetrate it together, and hence occasion 
a lively sensatioij of light. 

These rays, wliieli emerge ;paTallel to each other from the 
drop, .are distinguished from the rest in another point ol* view. 

J-Their deflection is tlie maximum which tlie sjdiere of water is 
<NiI>ahlo of producitig on rays of a definite refraugibility. We 
can easily convince ourselves of this by the following considera- 
tion. At the point A, which corresponds to the angle of iiici- 

* It is romarkiible that for tho index of refract.ion § the angle of inci- 
flt'iico and triple the ang?b of refraction together f«jrm two right anglea 

ih to say, i, 4 «V, = 180”. 
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(Icnce i’l, as we have^seen, the alteration a of the angle of 
iocidenee is equal to twice the alteration of the angle of refraction 
or to 2/3. On the other side of the ])(nnt Aj with the greater 
angle of incidence i\ + a', to which also a greater angle of refrac- 
tion 4- /3' corres] Kinds, a' is gi eater than 2/3, because the same 
also B Q (fig. 10(0 is gn'titer than 2 A Q. ^^he deflection of 
this ray is conseiiuently 

= 2 •(2ri 4- 2/3' - 0 - a') 
or, 

r/' = f/j + 4/3' -- 2a', * 

Since «' is greater than 2/3', and therefore also 2a' is greater 
tlian 4y?' -we have, in order to obtain (/', to subtract more than 
to add, conseqiKMitly d' is smaller than d^, ()»i this side of the 

point the angle of incidence is snialliT than ij, it is 0 — a" 
and the corresponding angle of refraction — /3". The deflec- 
tion d." which this ray (*xpericnces is therefore 

d" =5= 2 (2ri - 2/3" - {, + a") 
or, 

d" = - 4/3" 4- 2a". 

Rut since because B Q is here less than 2 A Q, a" is also less 
than 2/3", Wf; must subtract a greater amount than we add, and 
d" is thus less than r/j.^Tlie deflection di which the parallel rays 
•i:%pericnce on their (‘mergence, is thus in fact the maximum 
which can \)ccur^with single internal reflexion. 

In fig. 100 the determination of the point A is only effected 
^ for the single ratio of refraction J; for every t other index of 
refraction we must construct accotfling to the siime rules another 
external circle and another ellijise, and thus convince ourselves 
that the less refrangible rays experience a greater refraction • 
(= 42° 13'), and the more refrangible violet rays a less deflec- 
tion (=41° 14'). 

The evidence above adduced constitutes the basis on which 
the explanation of the primary rainbo^v is founded. 

In regard to the secondary, a brief exi)l%nation, after what has 
just been said, is all that is neccsssiry. Since the deflection which 



DISPERSION OF COj^OUR. 133 

a ray of light has experienced after double internal reflexion is 
«‘xpressc(l by 

(I - 180^ - 2 (3r - i) 

the condition a = 3/3 must be present for parallel emerging rays. 

Wo find therefore the point of yicidence which satisfiCwS this 
<‘{)iuUtion if we ’construct an ellipse in fig. 100, of which the 
irreater axis likewise — w, but the smaller axis — By a 
<iuite similar train of- reasoning it may *then easily be shown that 
ilic deflection (= f)l° for which corresponds to this point 

tlie minimum which® can occur with double internal reflexion. 



134 


OPTICS. 


CHAPTER IX. 

f 

AOHEOMATISM. 

59. A PURE Spectrum of solar is obtained 

by alloaving it to pass through the vertical slit of the 
Heliostat, and arranging the lens, prism, and screen 
as before. At first siglit the solar S2)ectriiin does not 
appear to differ from that of the electric li^hi. ; the 
succession and division of the colours, tlie degree of 
r(^fraction and length of bands of colour is* the 
same in both cases. On closer inspection, however, of 
the brightly illuminated surface, we perceive a great 
number of darlr lines, which are disposed perpen- 
dicularly to the length of the spectrum, tiiid conse- 
quently parallel with the slit. These dark lines, the 
majority of which are extremely fine, though some are 
very w(3ll^ marked, were first observed by Wollaston 
(1802), and were subsequently more exactly investigated 
by Fraunhofer (1814). The last-named ol)scrver, from 
whom they have received t^e name of Fraunhofer’s 
Lines, distinguished eight prominent lines by the letters 
A to fJ. The line A lies at the extremity of the dark-« 
red ; B and 0 in the middle of the red ; D between the 
orange and yellow ; E in the green ; F in the inter- 
mediate colour between green and blue ; O in the dark 
blue, and H towards tbo end of the vjolet (see fig. 106). 


* por the baniu prisms. 
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The spectrum of solar Hglit is consequently not 
contiimous, like that of white-hot charcoal, but there 
iire small intersi)acos ^vhich appefir to us as fine dark 
lines. From the i)reseiice of those spaces we must con- 
clude that the homogeneous khads of light correspond- 
ing to them are deficient in the light of the sun. 

The lines of Fraunhofer constitute well-defined 
marks, within the gradual transitions of colour of the 
spectrum which a?iways correspond to the same homo- 
geneous kinds of light, and afi:brd us the means of 
(hifining each part of the spectrum, and of discovering 
it again at all times with certainty. IIow very useful 
these 2)oints are in our enquiries will he soon as we 
proceed, 

GO. Uj) to the j)resont time a jirism of flint glass 
has always been used for the prod action of the spectrum . 
But, in order to compare the dispersion of colour of vari- 
ous substances, three prisms must successively betaken, 
each of which 2)0ssesses a refracting angle of 00 °, namely, 
one of flint glass, one of crown glass, tind finally, a 
liollow innsin filled with water. The first thing that 
is observed is that the S2)ecti'a which they throw are 
refracted laterally to different extents. That^ caused^ by 
the flint prism is defiected to the greatest degree, that 
by the crowq glass to a less extent, and that by tlie 
water prism least sti’ongly. The spectra va.ry also con- 
siderably in length ; the spectrum thrown by the flint 
glass is nearly double as long as that thrown by the 
water prism. 

We may now ask: Is the stronger dispersion of 
colour exhibited by the flint-glass S2)cctrum simply the 
consequence of it% greater refracting i)ower, or does the 
flint glass, -411 virtue of its material qualities, possess a 
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greater power of dispersion than the other two sub- 
stances? In order to answer this question, we must 
compare the lengths of the equally refracted speetrsi, 
with one another. A flint-glass prism may easily be 
prepared which shall ca^use the same refraction in any 
particular homogeneous kind of light, as, for example, 
ill the rays which correspond to Framihofcr’s line Z>, as 
a prism of crown glass of GO"*. Such a prism of flint 
glass must obviously have a refracting angle of less 
than C0°, and one in fact that amounts to about 52®. 
The cr<®wn-glass x)rism of 60®, and the flint-glass prism 
of 52®, give spectra in which the line D undergoes the 
same amount of deflection, Notwitlisfandimj t/iis^ the 
flint spectrum from B to II is nearly double as lony as 
that of the cnocn yJass, From this it may be concluded 
that the power of dispersion of the flint glass is almost 
double (speaking exactly, 1*7 times) as great as that of 
crown glass. 

Two similar jirisms made of the same material (for 
example, two prisms of GO® composed of crown glass) of 


rio. 101. 



* Combination of two similar prisms without iofloction and without dispersion. 

course produce equal refraction and equal disj^ersion of^ 
colour, that is to say, equal length of the spectrum. 
If they be placed, as in fig. 101, behind one another 
with their refracting angles in opposite directions, 
the second one restores to the original condition the 
refraction as well as the dispersion of *colou^ caused by 
the first. The white beam of light which penetrates 

J 
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the first emerges from the second as white light again, 
coursing parallel to its original direction, and producing a 
white image of the slit upon the senien. The combina- 
tion of the two prisms acts like a thick plate of glass 
with parallel surfaces, which Ciiuses neither refraction 
nor dispersion. What will occur, we may now ask, if a 
crown-glass prism of GO'* be placed behind a flint-glass 
prism of r)2° with the refracting angle reverse' d The 
tliillection of the T»Vaunhofer's lijie D disa])pears ; but 
since it causes nearly twice as long a spectrum as 
ilie crown-glass prism, the dispersion of colour** is not 
removed, but bccoimis reversed. We perceive there- 
fore upon tlie screen in the direction of the direct rays 
a spectrum of about, the same length as that caused by 
the crown-glass prisiii, but with the succession of colours 
ijiverted. 

In making observations upon the spectrum formed 
by a prism, it is frequently inconvenient that the 
spectrum should bo deflected so far to one side. 


Combination of a crown nnrt of a flint-f'lass pri^m cauBing 
disficrsiun but no deflection. 

The experiment just made, however, shows hov/ 
the spectrum may be obtained in the direction of the 
incident rays, and to avoid the necessity of putting the 
prisms into pbsition on every occasion, they may be 
ctunented together by a transparent substance (Canada 
balsam). Such a combination is called a direct vision 
prism. Such combinations of prisms are usually made 
up of three^ (fig. 103) or of five (fig. 104) prisms; one 
flint and two crown, or two flint and three crown. 
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Now a prism of flint glass wliicli throws just as long 
a spectnim as a prism of crown glass must have its 



ShovrinfT combinations of pnsras which cau^c no dcfltjction (a usion directe). 


refracting angle Jibout half the size of tlmt of the latter. 
It causes, however, considerably less deflection. If we 
combine therefore iwo such prisms (a crown-glass 
prism of about (JO® and a flint-glass prism of 
about 30°) placang tliem in opposite positions (fig. 
105), the second abolish(\s ihe dispersion of colour 



Combinntion of a c^nn ami fliiit-pln'-'; prism, viLli d( tlcction 
lint witlioiiL iciruction (au uchroimitic inisin). 

produced by thp first. On the other hand, it diminishes 
but does not completely remove the deflection. We 
obtain therefore upon the screen a whited image of the 
slit deflected to one side. In tfie combination of the two 
prisms we thus possess a prism causing no dispersion of ^ 
colour, or an achromatic prism. 

Thus it appears that one of the two actions of a 
prism, deflection and dispersion, can be abolished with- 
out interference with the other, nevertheless only by a 
combination of at least two prisms \nade ^of different 
materials. Two prisms made of the same kind of glass 
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either abolish both actions simultaneously (fig. 101), or 
leave both intact. 

Gl. The difiercnt power of dispersion possessed by 
various substances shows that an iiilluence is exerted by 
the material of which the pri«m is composed upon the 
light traversing it. This action miiy b(i still further 
lbll(>wed if spectra of equal length from i> to H [iig. lOG) 
of a crown-glass prism of GO”, and a flint-glass prism of 


/ nr n 


//r /I K V 


r; 


// 


II 





in 



/7ml 


Spectrum thrtnvn l>y crown gliiss and by flint glusb 

30°, be compared, for which purpose the linos of Fraun- 
hofer, which always correspond to the same homogeneous 
lints of colour, serve as excellent guides. By their 
position in the two spectra it is rendered evidemt ^hat 
the less refrangible rays are more closely apfiroxiniated 
in passing through the flint glass, whilst the more re- 
frangible are separated further from one another tharl 
by the crown glass; so tiiat although tlie total disper- 
sion of the two prisms (that is to say, the length of their 
spectra between B and //) is exactly the same, their 
dispersion is different. If, therefore, as previously 
l>ointed out, they be added together, the second cannot 
f'ompletely abolish the dispersion of the former, and 
the combined prism is not completely achromatic. The 
very small dispersion of colour that still remains can 
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only be removed by a properly selected thicker prism, 
composed again of a third substance. In the mean- 
time, however, it is so small that it may bo usually 
neglected. 

62. The laws of light hi regard to lenses, of which 
a knowledge has already been acquired, are only strictly 
accuratti under ihe presumx>tion that we are dealing 
with homogeneous light ; as, for example, with the 
light of the Sodium flame. In c^iiisc^quence of the 
unequal refrangibility of Ihe different coloured rays, an 
ordinary lens has a different fo(‘aI distance for each 
kind of light — the focus of the violet rays (v, fig. 107) 
being nearer to the lens than that of the red rays (r). 



Disjicrsion of colonr of a icns. 


It is impossible for tlv? rays emanating from a luminous 
poiijt of wliite or parti-colourtMl light to bo reunited 
again into one point ; the images thereon are therefore 
not sharply defined, but surrounded by faint coloured 
rings. A telescope or microscope with such a lens as an 
objective would, on account of the iiidistiiictness of its 
images, be almost valueless.* 

The prevention of the dispersion of lenses is always 
therefore an object of solicitude in practical optics ; 
and before the solution of the problem was discovered by 

* We can, however, t)htain well-defined iinageS|With a microscope thus 
dispersing light, if we illuminate the object with homogenocus light, such 
for instance as that of the Sodium flame. 



ACHROMATISM. 


141 


Hall in 1 733, and by Dolloiid in 1757, it was impossible 
1.0 construct sei'viceable telescopes, and it was found 
necessary to take refuge in tlie less powerfully luminous 
i-L^lecting telescopes. 

That a sincile lens can never be free from dispersion 
is obvious ; but, on the other hand, it is possible to 
combine two louses of such nature that each is capable 
of mutually compensating for or destroying the dis- 
p(‘rsion of the other. A method by which the desired 
r(^snlt may be obtained is indicated by the production 
of the achromatic prism. 

In order to remov^e, namely, 1h(» dispersion of colour 
of a leus, we place a second leus of' opposite action 
immediately beliind it which possesses the same dis- 
[H‘i sion of colour but causes a diflerent amount of refrac*,- 
lion ; that is to say, has another focal distance. 

We add, for example, to a convex crown-glass lens 
a coiurave flint-glass lens ; and 
in order that both should effect 


B 


ev]ual but opposit(» dispersion of 
colour, the virtual focal distance 
of the latter must bo about twice 
as great as the real focal dis- 

tji-nco of the former. Tluur combination then gives an 


Achroinntic leus. 


achromatic lens (fig. 108), which unites all the rays, 
emitted from a white point into a white image-point 


again. 

For the reason formerly mentioned in speaking of 
flic achromatic prism, we do not even hero obtain 
entire freedom from colour. The amount still remain- 


ing is, however, extremely small. 

G3. The first' compound achromatic lenses con- 
structed on this principle were discovered by experi- 
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inent. The greatest perfi»ctioii can, however, only be 
obtained if, instead of the uncertain method of trial, 
direct calculation be made of the most fjwourable form 
for both the Hint and crown glass. In order to do this, 
however, an exact knc^wledgcj of tlui indices of refraction 
of the kinds of glass for ilie vsirioiis hoinogeiieoiss rays 
of light is required. The indices ol‘ refraction in r(‘gard 
to tin? re<l, yellow, green, and other rays, were laid 
down long ago, but on a(iConnt of <the gradual tran- 
sition of tbe rays into each oilier renderiiig a shari> 
delinititni of their liiinis inipracticahk*, the numbers 
discovered were iuoxacd. But wlnni Fraunliofcr eni- 
l)loyod ilie dark lines named after him as iixed points, 
he was able to measure exactly the indices of refraction 
for determinate liomogeneous rays, and, proceeding on 
tliis information, to construct achromatic ol)jectiv(‘s for 
telescopes tliat have not hitherto been surpassed in the 
perfection of their performance. Tln^ nut hod we have 
hitherto pursued in order to throw 
tlie spectrum as an ohj(*ct nj)oii a. 
S(y’('eu is excelloTitly adapted to ex- 
hibit a large number of its peciili- 
arities. If, however, it be desired 
to make a special study of its char- 
acters, and to make measurements, 
the direct •nudhod of observation ap- 
]>lied hy Fraunhofer lias the advan- 
tage. •> 

In this method a telescope (fig. 
109) is placed immediately behind 
the prism, the objective lens of 
which, whilst it receives the rays eifierging from the 
prism, throws a spectrum near its focus, which is then 
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seen with the eye-piece as through a lens The Fraun- 
hofer lines can thus be seen with extn. ordinary defini- 
tion and clearness. TJie direct method of observiitioii 
through a teh'scope also has the advanta.^e that it does 
not require miqrly so much li^ht as the projected ima<^e 
iiietliod. 

If a divided circle be combined with the observing 
telescope (fig. 109), we are able, by directing the <;ross 
threads successively to each Fraunhofer’s line, to mea- 
sure accurately the slightest ditferences in their posi- 
tion, and then in accordance with the method' above* 
given to determine the corresponding index of refraction. 
The indices of refraction ol'some of the more important 
substances for the jirincipal Fraunhofer lines as thus 
obtained are given hi the accompanying little Table : — 


B Vi 


i Water 

l-83()9 

•3317 

•3330 

1 -3359 

•3378 


1 3112 

jAlcohol .... 

1-3 '528 

■3(533 

3(»r>l 

1 3(;7r) 


1-3733 

1-37(51 

[():ir})oii bisnlpliide . 
jtJrown pflasM, No. 9 . 

1-01S2 

•(5219 

•0308 

1*0138 

'iuh’iO 

1-0790 1-7019 

l-A2;-8 

;>2G8i •rV29(> 

l-,)33() 

■5301 

1-.U17 

1-5160 

1 Flint No. 13 . 

1-0277 

•0297 

(53.10 

l-(>240 

(5483 

l-()0()3 

1-6711 

j’lint of Mor/ 

1-7218 

•7215 

•7321 

1 712.1 

7521 

1 7725 

1-789.' 


As (;ach substance has a special index of refraction 
for each kind of ray, it is necessaiy to point out in 
every statement respecting an index of refraction, which 
homogeneous ray is meant, and when, as in the indices 
of refraction given at p. GO, such a precise statement 
is neglected, the observation is only approximate, and 
refers to the middle rays between J) and E. 

Any Theodolite may be used for the measurement, 
upon Fraunhofer’s plan, of prismatic deflection, and in 
order that the prdsm should follow the rotation of the 
telescope, ft must be placed upon a. small table attached 
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to tlie objective end of the telescope. The refracting 
angle of the prison, which must be known for the calcu- 
lation of the index of refraction, is determined by means 
of the reflecting goniometer, p. 8 i. 

G4. The determination of the index of^refraction can 
be much more cunveiiienlly eflected by means of 5/c//er- 
Spectrometer, a i;epresentation of which is given 
ill fig. 110. The observing telescope is here directed to 
llie centre of the horizonlal divided Viircle, and is sup- 
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ported on horizontal arms connected with the vertical 
aficis of the divided circle. This axis rotatefe in the bore 
of a metal column supported by three screws, to the top 
of which arc attached three horizontal arms. Two of 
these, which are opposite to (‘aeh other, carry the 
verniers by means of which the rotation of the divided 
circle is read off; the third arm carries a telescope 
dii'eeted towards the centre from which the eye-piece 
has been removed, and is replaced by a ve,rtical slit. 

is situated in the focus of the objective lens, 
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so that the rays proceeding from ii strike the prism as 
i\ ])arallel beam, and traverse it at right angles to its 
ri'fracting edge, that is to say, eaeli trasses through a 
])riiieipal section. Were this condition not fulfilled, 
Ihe prism would produce, in consequence of the ra^^s 
<lnv<*’letlohli(pu\y loits princii)a] seel iun, a confusion of 
th(* image of the slit which would make itself disturb- 
iiigly perceptible in the spectrum as a curvature of tlie 
Fraunhofer’s lint»s. • Whilst b^'iiieansof the ‘ slit-tube,’ 
the slit can bo withdrawn to any distance, it confers 
upon the Spectrometer the advantage of being appli- 
cable to the invest igation of the weaker lights. 

To obtain parallel rays when employing the method 
of Fraunhofer, the distance of the Theodolite from 
th(‘ slit must bo increased as far as possible; on this 
account it is especially adapted for suiiliglit, for v;him 
tlio distance is considerable the feebleness of artificial 
st)in‘ces of light is not sufficient ; wiili the Spectrometer, 
oil the other hand, the source of* light eau he brought 
i 111 mediately in front of the slit, and consequently 
weaker sources of light can be made the subject of 
e.xporiment. When the observing tube and the slit 
tube have cxactlj’^ the same direction, the slit i^ seen at 
the decussation of the threads of the former, and the 
indicator points to zero upon the divided circle. 

We now place the prisiq (or rather the small tablet 
supported by three screws on which it stands) in the 
.middle of the instrument, upon a second smaller hori- 
zontal divided circle, the vertical axis of which turns in 
socket formed bj" a bore in the axis of the greater 
circle. We must now turn the observing tube, and 
^vith it the great circle, to one side, in order to perceive 
fhe defiected*image of the slit, or rather its spectrum ; 

L 
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by turning the small circle the prism can easily be 
brought into the position of smallest deflection, the 
amount of which can bo read off after accurate focussing 
by the indicator of tlie large divided circle. 

The smaller dividejl circle has still, however, a 
second important use. It forms, if we aftow thc^yreater 
circle to remain fixed, with the slit and observing tube 
together, a Reflcctiiig-goniometer (p, 34). We can there- 
fore with all necessary exactihide (b3termine by means 
of this instniment, the Spectrometer, the two data which 
are required for the calculation of the index of refrac- 
tion, namely, the smallest deflection and the refracting 
angle of a prism. 


APPENDIX TO OIIAPTER IX. 


ACIIKOMATIC LENSES. 

Wjien two thin lenses are placed one immediately behind 
the other, as in fig. 108, the deflection which they produce in 
a point at any distance /j froni tlie common axis is equal to 
the sum of the deflections which each of the lenses would have 
itself effected. ?£ P therefore indicates the focal distance of the 
compound lens /, that of tlie first, and </> that of the second lens, 


F 


h 

f 



or 


1 ==} 

F 7 


+ 


1 


The focal distances/ and ^ of the two separate lenses are, 
however, different for different coloured rays, for wo obtain (ac- 
cording to Equation I. p. 92, for example), the focal distance for 
red rays 
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for violet, on the other hand, 


1 

7 . 




where n' and n' indicate the indices of refraction of crown glass 

r V , 

for red violet Aiys, and rj and the radii ol' curvature of 
crown-glass lenses. 

In the same way ive have , 



whore the corresponding quantities fol flint-glass lenses are 
indicated by w" and pj and p2* combination of the 

r V 

two lenses for red and violet possess the same focal distance 
tlic two lenses must be such that 


1 

fr 



With the aid of this equation and the expressions above given 
ior the several focal distances, Uie radii of curvature which must 
hi; given to the two lenses in order to obtain an achromatic 
Bj'atem may be calculated with facility. 
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WHAPTEE X. 


(m. Ip instead of the measureinenl of indices of 
j-eiraction the observation and comparison of the spectrii 
proceeding from various sources of light be tlie subject 
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of enquiry, the divided circle of the spectrometer may 
be dispensed with ; and the inatruinent thus simplified 
constitutes Bimsen’s Spectroscope (fig. 111)^ in which the 
silt tube A, the prism P, and the observing tube P, are 
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ill sirraiiged just as in tlic spcctrometor. In order, 
liowever,to obtain the means of measurement within the 
liinits of the spectrum without a divided circle, a very 
ingenious apparatus has been introduced. A third tube, 
C (the scale- tube), has at its^outer end, at s, a small 
])hoiogj’aphed '*scale with transparent divisions, whilst 
at the inner end is a lens which is placed at about its 
focal distance from tlic scale. scale is illuminated 

by means of a la^i]) or candle. The scale-tube is so 
pliiced that the rays of li^ht that proceed from the. 
scale and emerge parallel to the axis of the tube arc^ 
rellected at the anhu’ior surface of the prism in the 
direction of the observing tube. The observer looking 
into the telescope st'es therefore coincidently witli the 
spectrum of the light F, the image of the scale, whi(‘h 
may be used as a measure. 

As the rays are deflected from their original diri^c- 
tion by the prism, the observing tube in the speclro- 
s(‘.ope just described must be so placed in regard to the 
slit-tube as to forjn an angle whitdi is about equal to 
ilie smallest deflection of the middle rays. The source 
of light to he investigated cannot therefore be looked at 
directly, a circumstance which renders the aiTangemeiit 
of the instrument difficult and its management' somewhat 
awkward. The direct vision spectroscope (d vision directe)^ 
which instead of a single.^prism contains a combinatioif 
of prisms, so that there is no deflection, is free from 
this inconvenience (fig. 104). To this class belongs 
Hoffmanns Spectroscope, and the little (only 3^ in. long) 
pocket Spectroscope of Browning, 

G6. By means of the spectroscope the spectra of 
the glowing vapours formerly thrown upon the screen 
can be reny conveniently observed subjectively. But 
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whilst for those researches the dazzling light of the 
electric flame was requisite, the flame of a Bunsen’s 
burner is now sufiicient, at least for the light metals 
(fig. 1). Instead of the metal itself, some of its 
chemical combinations,^ or so-called salts, arc usually 
employed. A small quantity of such a* salt is^melted 
at the extremity of a fine platinum wire, and intro- 
duced into the external hottest pai*t of the feebly 
luminous flame. The salt is decon^posed by the heat ; 
the flame is saturated with the vapour of the metal now 
set and is tinted wiih a colour characteristic of 
the metal. With a litlle Sodium chloride (common 
salt), for example, we obtain the homogeneous yellow 
light of Sodium ; salts of Lithium and Strontium colour 
the flame of a carmine red tint; salts of Potassium 
(dear violet ; salts of Barium gn^eri ; and salts of 
Calcium yellowish red. Analysts had no doubt long 
employed these characters to demonstrate the presence 
of the above metals, but the colour of the flame continued 
to be an uncertain m(‘nns of recognition until pris- 
matic decomposition was applied as a means of in- 
vestigation. It was* almost imx)ossible, for example, 
with the naked eye to distinguish between the red 
flame of Lithiv.m and that produced by Strontium, but 
if the two are looked at through the spectroscope they 
• exhibit perfectly distinct spegtra, which are exhibited 
on the Spectrum plate {fiee Frontispiece, Nos. 6 and 8)* 
If, again, a specimen of Sodium salt with which only a 
trace of Lithium is mingled be examined, the presence 
of the latter cannot be recognised with the naked eye, 
because its feeble red stain is completely overpowered 
and concealed by the brilliant yellow of the Sodium. 
The spectroscope, however, shows distinctly fhe red line 
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of Lithium close to the yellow Sodium line, each in its 
place, thus disclosing the chemical composition of the 
substance in question. 

This qualitative method of chemical analysis is termed 
apechmm anab^ds^ and although the spectra of some 
coloured flames had been known for some time, and theur 
iipplicabiliiy as chemical tests recognised, Bunsen and 
Kirchhoff were the first who laid down the scientific 
grounds on which alone a method of investigaiion 
could be raised, and who must therefore be regarded as 
the true discoverers of spectrum analysis. Bunstm and 
K irclihoffshowed first that the positions which the bright 
lin(‘s of the spectrum occupy aixi indepeiuhmt of th(i 
temperature of the fla-me ; in fact, that the same red 
(‘olour is obtained and the same two lines, a red and a 
reddish yellow, are seen in the spectroscope whi‘ther 
^he Lithium chloride he volatilised in the flame of a. 
Bunsen’s burner or in the much hotter flame of the 
oxy hydrogen blowpipe. It is to be noted that the 
brilliancy of the sevcu’al lines increases with increasing 
temperature, and thus it may happen that by means of 
intense heat lines come into view*Avhich at lower tein- 
l)eratures are too feeble to he perceived. If, for example. 
Lithium he volatilised in the electric flaiile, a blue line is 
visible in its, spectrum, which occupies exactly the same 
position as the blue line ^ijf Strontium. In the flame of 
the Bunsen’s burner it exhibits only the two above- 
named lilies. Moreover, the two observers just lucn- 
tioiied demonstrated that different combinations of 
tbe same metals give invariably the same spectrum, 
whence the conclusion is irresistible that the lines seen 
in any instance ^ay be regarded as positive evidence 
of the actAal presence of the metals in question. 
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The spectrum method of analysis is distinpfuished 
from ordinary" chemical methods by its extreme delicacy. 
The three-millionth part of a millij]jramme of a salt of 
Sodium, an imj)crceptib]c particle of dust to the naked 
eye, is yet capable of colouring the flame yellow and of 
giving the y(illow line of Sodium in tile spectjpscope. 
More than two i birds of the surface of the earth are 
covered by sea, whi(«h contains Sodium chloride, or 
common salt. 'When waves are raised by the storm 
and their foaming summits are carried away, fine 
particles of salt are mingled v;ith the air and carried far 
over the land ; common salt is consequently distributed 
through the whole atuK^sphere in the form of a fine 
dust. On account of this almost constant presence of 
Sodium chloride, it; is scarcely possible to obtain a 
flame which does not exhibit the yellow line of Sodium. 
It is only necessary to strike a handkerchief upon the 
table, or to cl(>s<i a book sliaiqdy, to make the dust 
which escapes colour the adjoining Bunsen’s flame 
yellow, and to make the Sodium line appear in the 
spectroscope. Moreover, in the rc 2 >resentation of the 
spectra of different 5netals by means of the electric 
la nap, they can never, as has been seen, be obtained com- 
pletely frefc from the Sodium line. 

The extraordinary seusitivom^ss of the spectrum 
•method of analysis led its celpbratod discoverers, Bun- 
sen and Kirchhoff, to the discovery of two new alkaline 
metals that had previously escaped the notice of 
chemists, Cmsinin and Eubidium, the ^compounds of 
which occur only in very small quantities in minerals 
and mineral waters. Those spectra are represented in 
Nos. 2 and 3 of the Speclruin plate. Subsequently, 
Crookes, from the spectroscopic examination of the 
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crust formed in the lejid chambers of a sulphuric acid 
inanufactor}", discovered the lead-likc metal Thallium 
(No. 10), and Reich and Richter also discovered, by 
means of spectrum analysis, in certain ores of zinc the 
zinc-like metal Indium. ^ 

67-nJ’he spectrum method of analysis just described 
has been chielly applied to the recognition of the 
alkalies and alkaline earths, for ^lie heat of a Bunsen’s 
burner is insufficievt lc> volaXilise the heavy metals and 
obtain their vapour in a glowing state. To effect this 
we must seek otlnu* means, and we possess them the 
electric lani}), which nniy be used in order to exhibit the 
spectra of several ot‘ the heavy metals upon a screen, 
if a fragment of zinc be volatilised between the carbon 
poles a series of beautifully cuk)ui*ed striai are st'en, 
especially one red and several blue. If now a fragment 
of brass, which is comjrosed of zinc and copper, be 
added, in iidditioii to the zinc lines the group of green 
lines peculiar to copper a.ro immediately observed. By 
tlie addition of a little silver the spectrum of this 
metal appears, wliich also exhibits a group of green 
lines, but these are easily distiijguishable by their 
position from those of the copper. It is observable 
that the inevitable Sodium lino is a constant accompani- 
iiujiit of all these exjjeriments. 

As a powerful galvanjc battery is required for the* 
production of the electric arc of light, sjjectruin analysis 
m its application to the discovery of the heavy metals 
would prove very troublesome were there no more con- 
venient means of converting the metals into luminous 
vapours. For the purposes of subjective observation 
through the spectroscope the ordinary electric spark is 
sufficient, or still better the spark of a powerful induction 
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apparatus, which by means of a few galvanic cells can be 
maintained in unbroken activity. This apparatus is ex- 
hibited in fig. 112, but a detailed description of its con- 
struction and mode of action would here be out of place. 
It is enough to say that if the conductjng wires of the 
galvanic battery are fastened down by the binding screws 
C and l)y electric sparks succeed each other in rapid 
succession between the x)olcs A and I?, which can be still 
further intensified by the introdnetiDn of a Leyden jar. 
These sparks contain jjarticles of the pole in the condi- 
tion Ttf glowdng vapour. If tlie poles, therefore, consist 
of the metal to be examined, which may eitlier bo used 
in the form of a w ire or in the form of irregular fragments 

fixed by means of clips, 
the sparks will exhibit 
the corresponding spec- 
trum of the metal when 
seen through the spec- 
troscope. 

This method of ob- 
servation demonstrates 
that the representation 
of spectra upon the 
screen was inexact; each 
of the bright lines now 
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shows itself to be composed ’of a number of extremely 
fine lines which, owing to tlie poor definition of the 
objective image, previously coalesced into a more or 
less broad band. Owing to the grt'at number of fine 
bright lines, the spectra of the heavy metals are very 
complex. In the spectrum of iron, for example, more 
than 450 bright lines have been counted. ^ 

(58. In the light of the electric spark, not only do 
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particles of metal detached from the poles glow, but 
also particles of the gas through which the spark passes, 
ill the method of observation just described, there- 
fore, the metallic spectrum is not pure, but is mingled 
with the spectrum of the atmosphere. 

This adjnixturc cannot however oc- 
<*asion any error, providing tlie spectra 
which glowing gases themselves Jjive 
ar(i known. » 

In order to render a gas incandc- 
scont the discharge of an induction 
apparatus is allowed to pass throngli 
a so-called Geissler’s tube (fig. 113), 
which contains the gas in question 
in a rareiied state. The two ends 
of the tube present dilatations into 
which platinum wires are fused. 

These wires are connected with the 
poles of an induction apparatus, and 
immediately a beautiful stream of 
light traverses the interior of tl)e 
lube, the colour of the light varying 
with the nature of the contents. If 
the tube contain hydrogen the middle 
constricted portion shines with a 
splendid purple-red, the brilliancy of 
which is nevertheless too feeble to 

, GoisslcT’s Bpcctrum tube. 

j)ermit its spectrum to be projected 
upon a screen so as to be visible at any distance. 
If the tube be looked at through the spectroscope 
the light of the hydrogen appears to be composed 
of three hoinogerteous kinds of light ; a red, a bluish 
green, and a violet line coming into view. {See Plate 
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of Spectra, No. 12 .) A tube filled with rarefied nitrogen 
shines with a peach-blossom colour, but gives a far more 
complex spectrum than that of hydrogen; for in the 
red, orange, yellow, and green, numerous closely approxi- 
mated bright lines are seen separated from each other 
b^^ slender dark lines; in the blue anrf violet,^ on the 
other hand, thei-e are broad bright bands which are 
sharply defined towardls the less refrangible side, but are 
gradually shaded off towai‘ds th(j refrangible side. 
(No. 1:5.) 

Eliicker and Hltiorf, arid more recently Wiillner, 
have demonstrated that in this method of observation 
different spectra are obtained with the same gas, if the 
pressure of the gas and the kind of electrical discharge 
are appropriately altered. If with the induction appa- 
ratus a Leyden flask be connected, and the shock thus 
intensified be transmitted through the same tube con- 
taining nitrogen, light of another colour may be ob- 
served to be emitled from if, and if this be examined 
with the spectroscope it exhibits a spectrum consisting 
of many sharply-defined bright lines. A Geissler’s tube 
filled Avith nitrogen thus gives two quite distinct spectra, 
acoording to the kind of electrical discharge. With 
low electric tension it gives the f^padrum of the first 
order ^ consisting of bright strim and bauds, whilst with 
•high tension it gives the sjjedrmn of the seco 7 id order, 
consisting of narrow bright lines. Other gases behave 
in a similar manner. Pliicker and Wiillner have even 
shown that hydrogen, under increased pressure and with 
electric discharges of high tension, gives a continuous 
spectrum, and hence emits light of all degrees of refran- 
gibility. In the same way Frankland has observed that 
a 6 ame of hydrogen burning in oxygen undftr very high 
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pressure emits white light, which gives a continuous 
spectrum. Our knowledge of the processes which take 
])lace in Geisslor’s tube during electrical diseharg(\s is 
still too imperfect to permit the conclusion to be drawn 
from the phenomena just described that the same gas 
can fifhiish diiferent spectra.. It is, on ihe contrary, 
not improbable that the spectra presenting linos (to 
which the above-mentioned hydrogen spectrum belongs) 
(-haracterise the sl^nple gases, whilst the spectra pre- 
senting bands belong to certain of their chemical 
com]>ounds. 

(?0. The spectra that Jiave liitlnTtr) been considered 
Tiuiy bo arra-nged in the three following classes : — 

1st, Continuous^ apectra, like those of the glowing 
‘‘arbon ])<nnts in the electric lami>, Drummond’s lime 
light, the magnesium light, white-hot platinum, iron 
in a state of fusion, and, speaking generally, and with 
hut few (*xc(*[)tions, all white-hot solid or fluid 
bodies, whatev(U’ may be their composition. All these 
exhibit a spectrum whi(*h on beginning to be luminous 
presents the extreim* rc*d, and as j:he temperature rises 
<*onstantly extends towards the more relrangible (‘lul, 
and finally becomes com 2 >lete and continuous when 
white heat is attained. The flames of candles, lamps, 
and gas-burners also give continuous S 2 )ectra, for the^ 
owe their brightness to '^tlu) 2 >articles of solid carbon 
floating in them. Final 1}% to this group belong the 
above-mentioned continuous spectra wliich are observed 
under certain circumstances in gases. 

2nd, Spectra which present a number of bright 
lines and stria* on a dark haidcgruimd. These are peculiar 
to glowing vaponm and gascs^ each chemical element and 
chemical comj)ouiid having its own characteristic 
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spectram. It is this wliich constitutes the basis of 
spectrum analysis. 

3rd, The solar sjyccimm wliich exhibits a large 
number of fine darh lines — the lines of Fraunhofer — on 
a bright ground. These, lines are perceived by means 
of the spectroscope in ordinary daylight, in thfik-^ light 
of the moon, and in that of the planets, and hence not 
only ill the direct but fn the reflected light of the sun. 
The fixed stars, as indeiicndent suiii'?, exhibit spectra 
which are similar but not identical with that of the 
sun. yriie circumstance that the dark lines of the 
fixed stars are not exactly coincident with those of the 
sun, permits the conclusion to be drawn that the lines 
of Fraunhofer, or at least a large number of them, do 
not proceed from any a(*.tion of the atmosphere of our 
earth, but are peculiar to the solar light at its source. 
An endeavour must now be made to obtain more exact 
information in regard to the cause leading to their 
production. 
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CHAPTER 111. 

SPF.CTRIIM ANALYSTS OF THE SUN. 


J 




70. Fraunhofer first observed that the bright yellow 
line of the Sodium flame occiii)ies the same position in 
the spectrum as the dark line, D, of the solar light. 
In order to demonstrate this, a right-angled i)rism (fig. 
Ill) must be so placed in front 
of the slit which has hitherto been 
I'uiployed to throw the spectrum, 
tliat it only covers the lower half of 
the slit. From the side B the light 
of Ihe electric arc, saturated with 
Sodium vapour, falls upon th(»^ 
l»rism, and undergoing total re- 
flexion, is deflected by the oblique 
surface to the slit, whilst the sun’s 
rays, as before, penetrate through 
the upper uncovered part. '»The spectra of the two sources 
of light corresponding to the two halves of the slit are 
therefore thrown upon the screen, one being immediately 
above the other, permitting them to be conveniently com- 
pared. It will then be seen that the hmght Sodium line 
forms the exact continuation of the dark line D in the 
fiolar spectrujn, and? the conclusion may be drawn that the 
‘Sodium light possesses the same refrangibility as the 


Action of the coTTipariKOM 
prism. 
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line D. Tlie Sodium light’ and ‘ the D light’ are there- 
fore equivalent. (See Spectrum Plate, Nos. I and 5.) 

Such a comparing — or comparison — prism may be 
applied to the slit of any sxjectroscope (tig. 115.) It 
permits the light coming from any source to be looked 
at coincidently with ihat of the solar spectrum, one 
occupying the upper, the other the lower half of the 
field of vision, and tHus periiiits them to be directly 
compared. The solar spectrum, owing to the numerous 
tine lines it exhibits, may be taken as a scale by which 
all others may be measured. 

By means of the comparing prism it maybe demon- 
/itrated that the three bright lines of the hydrogen 


Fid. nc. 



CoiiijiJiniip- prism at the slit ot tlie KiK'CtroAtnpe. 


flame possess /exactly the samt* refrangibility as three 
da rk lines in the solar s])pctruui. The red line occupies 
precisely the position of the dark solar’ line 0; the 
greenish blue corresponds to 'the line F, and the dark 
blue to a Praunhofer’s line which lies immediately ir. 
front of G, (See the Plate of Spectra, ‘Nos. 1 and 12.) 

Kirchhoff in like manner, in endeavouring to deter- 
mine the precise position of the bright linos of metals, 
used the solar spectrum as a scale, and found that then* 
wei‘o Fraunhofer’s lines which corresponded to each of 
tlie iron lines he had observed. The coincidence de- 
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Eccnds to the minutest particulars ; the more brilliant 
a bright iron line appears the blacker is the correspond- 
ing Fraunhofer’s line; the more defined is the line of the 
metal the more definite is also the solar line ; if, on the 
contrary, it be :(aint and have softened edges, there is 
iL corresponding indistinctness in the solar spectrum. 
Thus every bright iron line (of which Angstrom and 
Thalen have lately counted not l&s than 460), has its 
dark counterpart isn the solar spectrum. The exact 
coincidence of so many bright iron lines with dark solar 
lines cannot be accidental. On the theoi’y of probabili- 
ties millions ot millions might be wagered to one that 
these lines have a common origin, or in other words, 
it is almost certain that both kinds of lines are pro- 
duced by the glowing vapour of iron. 

71. How does it happen, however, that the lines 
which in the spectrum of a glowing vapour appear 
hnght upon a dark ground are seen conversely in the 
solar spectrum, dark npmi a hriglit ground. A few ex- 
l)erinients wiU show how an answer to this question 
may be given. The cf>rjtinuous spectrum of the electric 
light passing between the carbon points is projected 
upon the screen, and a fragment of Sodium is placed 
ill the cavity of the lower pole. As it vaporises it in- 
vests the white-hot upper carbon point with a sheath of ^ 
flame, which emits the well-known homogeneous yellow* 
light. But there may now be seen upon the screen in 
•the continuous spectrum a dark line^ occupying exactly 
the position where before was the bright Sodium line, 
and where it now again immediately appears if the 
carbon poles be so far separated that the light of the 
arc of flame alone }ieaches the prism. 

From this experiment the conclusion may be drawn 
M 
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that the yellow sheath of flame permits all kinds of rays 
proceeding from the white-hot carbon to pass easily 
through it, with the exception of that hind of ra.y which 
it cm its itself This is eoaijdetely arrested or absorbed ; 

in other W( rds, the vj^pour of Sodium 
is almost opaque for rays oF \is own 
kind, whilst it is perfectly permeable 
to all other kinds of rays. 

This pticiiliai-fty of the glowing 
vapour of iSodium may be very beauti- 
fully shown by means of an apparatus 
constructed by Ihinsiui (tig. 11(5). 
The flask A, closial by an elastic 
stopj)er perforated witli three holes, 
contains a solution of common salt 
(sodium chloride), besides some sul- 
]»huric acid and zinc. From the mix- 
tun* hydrogen ga,s is evolved, whicli 
carries with it small droplets of tli(i 
solution of common salt. Coal-gas 
ist con ducted into the flask by means 
of JLlie bent tube c, which, after admixture with the 
hydrogen* gai^ containing solution of common salt, 
streams out through the tubes o and c. The coal-gas 
•flame is almost noii-lumiiioiis per se, Ihit presents a 
>'ello\vish tint from the admixture of the vapour of 
Sodium, and becomes mingled with air before under- ^ 
going ('ombu&tion in the metal chimno}^ h and d. The 
chimney b widens like an inverted cone above, and 
from its semicircular slit-like aperture a broad ex- 
tremely hot and bright Sodium flame is emitted. The 
other chimney, d, is funnel-shape<J, and% is provided 
above wdth a cover having an aperture in the centre. 



parntn-? for ttu 
t Sodium li^ld 
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1 ucomplete combustion takes place in it, and a feeble 
dame, caused by the products, appears above tlie open- 
ing, Tliis small Sodium flame appears almost perfectly 
(lurk upon the bright background of the ji- 

large Sodium {lame; and as it is almost 
opaejud* for Sodium 1 ight, it presents us with /• ! 
the surprising pheiiouienou of a hlaek flame , j , 

dig. 117). " ‘ V 

It cannot be dolibted that the flame is 
not in itself black, but emits yellow Sodium 
light, as indeed may be immediately seen if 
the large flame is extinguished. As it a])i)ears 
dark upon the bright background, the quan- 
1 ity of light which it emits, together witli 
that which it still transmits of the flaiiu' 
h(‘hiiid it, taken together, must be smaller 
tliau the intensity of the light of the ]>osto- 
rior flame. It must thus, consequently, be less bright ; 
(»r, since the inteusit}'- of light rises and falls with the 
lemperaiure, less hot than the latter. Owing to tin* 
l)eculiar coiistnietioii of these inetai chimneys, the large 
ilanie is rendered as hot as possible, whilst the small qne 
IS reduced to as low a temperature as possible. If the 
imierior flame were bright enough to covt'r or even 
f^urpass by its* own luminosity the loss of light effected# 
by absorption, the small ffinie would appear as bright 
or even still brighter than its background. 

The dark Scdiiimline also which has heretofore been 
sLHm in the spectrum is not absolutely black ; it still 
receives the sum of the i>-light emitted and transmitted 
from the electric arc. It appears, however, in com- 
parison witli^its environment — the brilliant spectrum of 
the carbon light- - dark. 
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The spectrum of Lithium can be similarly inverted 
to that of Sodium. For if a salt of Lithium be placed 
on the inferior charcoal point of the electric lamp, as 
well as a fragment of Sodium, Lithium and Sodium 
vapours must be coiiicidently present in Jhe flame ; and 
there is now seen in the spectrum, besides thfe dark 
line l)y a dark line in the red exactly in the position 
where the bright red Lithium line was previously 
visible. The Lithium vapour thus •absorbs just those 
rays which it itself emits. 

The law which has been demonstrated in the case ol 
Natrium and Lithium holds good generally. Every (jus 
und every va})Our absorbs e^eactly those kinds of rays ^vh^ch 
it emits when in the glowing condition^ whilst it permits 
all other kinds of rays to traverse it %vith undiminished 
intensity. 

This capability of absorbing remains unaltered under 
great valuations of temperature, whilst the brilliancy 
of the light emitted rapidly increases or diminishes with 
ihe temperature. If therefore a source of light which 
gives a continuous spectrum be looked at with a spec- 
troscope through a sheath of vapour, various appear- 
ances may be presented. If the vapour be so hot that 
it emits more* light than it annihilates by absorption, 
its line-spectrum will be seen bright upon the less bright 
Aground of the continuous spe'etrum. If its capacity of 
emitting light at a lower temperature be just sufficient 
to cover the loss of light caused by absorption, a con- 
tinuous spectrum will be seen, and the presence of the 
vapour will scarcely be recognisable. Lastly, if at 
a still lower temperature the emitted light be insufficient 
to make up for that lost by absorption, the lines of the 
vapour will appear dark upon the bright ground of the 
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continuous spectrum, or in other words, the inverse 
spectrum of the vapour or gaseous body is developed. 

72. The inversion of gas spectra solves the enigma 
of Fraunhofer’s lines, and at the same time gives 
an insight into the physics pf the sun. The sun, 
as Kirchoff maintains, may be regarded as an extremely 
hot mass, whose glowing white-hot surface, the photo- 
sj^hcrcy emits white light, and in and by itself would 
give a continuous .spectrum. Outside of the photo- 
sphere and surrounding the sun is an atmosphere of 
glowing gases and vapours, which is called the chreflno- 
sphere ; and this constiturnt, though of lower tempera- 
ture than the photosphere, is still sufficiently hot to 
maintain heavy metals in the state of vapour. And 
since the light of the photosphere, before it reaches the 
earth, must traverse the chromosphere, it is subjected 
to the absorbing action of the gases and vapours found 
in it ; and it is to this action that the lines of Fraunhofer 
owe their origin. The solar spectrum is consequently 
to be regarded as resulting from the juxtaposition oi 
the inverted spectra of all those substances which are 
contained in the gaseous state in tlie solar atmosphere. 

From the facts already mentioned it would appear 
that Hydrogen, Sodium, and Iron must bb constituents 
of the solar atmosidiere. Moreover, exact comparisons 
of the solar spectrum with;the line-spectra of terrestria!!* 
substances show that a series of other elements * exist 
• in the sun. Thus, for example, the two lines II are 
produced by Calcium vapour, and the group indicated 

* The presence of the following elements lias boon demonstrated with 
certainty in the solar atmosphere : — Sodium, Calcium, Barium, Magnesium, 
Iron, Chromium, Nickel, ®opper, Zinc, Strontium, Cadmium, Cobalt, Hydro- 
t!:on. Manganese, '^Aluminium, and Titanium. 
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by Fraunhofer with h are produced by the vapour of 
Magnesium. The line G depends upon Iron, and partly 
also the group E, The lijies C and F belong, as we 
already know, io Hydrogen, and i) to Sodium. But 
besides these there are, a number of d^rk lines in the 
solar spectrum which do not correspond to any ‘known 
teri’estrial element. In addition to the lines of Fraun- 
hofer, indubitably belonging to the sun, there arc many 
other dark lines in the solar S2)ectrnm which originatti 
from the absorptive action of the terrestrial atmo- 
SphSVe, and are tliorefore called atmoapht^rlc lines. That 
they are rt'ally 2)roduc(‘d by the atmosidicrc is easily 
recognised by the fact that they are seen more distinctly 
or even first make their ai)pcarancc when the sun ap* 
proadu‘s the horizon, and when consequently its rays 
have to traverse a much gn'atcu' c‘xtent of the terres- 
trial atmosphere. The Fraunhofer’s lines A and B, 
the darkness of which <'ssentially depends on the 
relative imsition of the sun, must 
on this a (‘.count be regarded as 
^atmospheric. 

To nuike a comparison of the 
spectra of metals with that of the 
sun with the 2)rccision required for 
this kind of investigation, a spectro- 
sco2>e with only one prism is, on ac- 
count of its small dispersive power, 
insufficient. Ivirchhoft*, there- 
fore, in order to obtain an exact dra-wing of the solar 
S2)ectrum to corn2)are Avith the lim^s of metallic elements 
employed a S 2 )ectroscope Avith four i)risms, apjAropri- 
ately arranged behind one another (fig. H 8 ), together 
with a highly magnifying telescoijo. By this instru- 


Klfi, 118. 
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111(41 1 fresh lines iirc rendered visible, and groups of lines, 
which in weaker instrmnents appear only as misty striie, 
arc resolved into their several lines. Thus, for exainpl(% 
the dark line T) can be; sliown b}' its ineaiis to be com 
])Ose(l of two fine lines, />j and pg- already known 

to Frasunhofer; and in tin; same way the bright line of 
Sodium splits into two lines whicdi correspond in the 
most precise manner witli two solar lines. The excel- 
lent drawings of ike solar spectrum made by Kirchlioif 
and llofiinan, and subsequently by Angstrom and 
Tlialen, are as important and indispensable fui^tlie 
sjiectrum analysis of the sun and celestial bodies as tlu* 
chart of stars is to the astronomer for enquiry into the 
position of tin' fixed stars. 

7d. Tf the (‘Xplanation of the lines of Fraunhofer 
given by K ircliholf be corivct, those parts of the solar 
atmosphere which jn oject at the edge of the sun beyond 
th(^- ]dioiospher(' should exhibit bright lines in the 
sp(*ctroscope in ]>lace of the dark Fraunhofer’s lines. 

The so-called pT'otuborances afforded an instant and 
crucial test of the truth of Ivirchholf’s liypotlu^sis. In 
total eclipses of the sun, at various ])omts of the sun’s 
edge reddish projections api>(;ar, whicli sometimes* r(v 
sembh^ (douds, sometimes liook-like emVed Injriis, and 
sometimes i^nowy mountains ghnving with the ros\ 
tint of evening. In the; uneclipsed sun these }>roiW 
bernnees cannot be seen, because their feeble light is lost 
ill the brightness of th<; terrestrial atmosphere during 
the day. The first spectrum of the protuberances was 
obtained during the solar eclipse of August J8, 18()S, 
1 1 preseided hrufht lines, amongst 'which the three lines 
of Hydrogen and one a little in front of G), and 

a yellow lilie behind the double line 2>, which corre- 
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spends neither to a Fraunhofer’s line, nor to that of 
any known terrestrial substance, and which has been 
since desij^nated are the most conspicuous. It was 
thus demonstrated that the protuberances are gaseous, 
and that they are principally composed of hydrogen. 

Janssen, who was sent to tlic East* Indies by the 
French Academy of Sciences to observe this eclipse, 
discovered on the follawing day a method of seeing the 
bright lines of the protuberances wi^iont any eclipse of 
the sun, and when shining at its brightest. The idea 
of this method had previously been suggested by 
Lockyer, and li;id been carried into effect by him before 
he had recei\ ed information of the discovery made b)" 
the French obseuwer. 

The reason that we arc unable to see the protu- 
berances with an ordinary telescope in bright sunshine 
is on account of the great brightness of the terrestrial 
atmosphere, rendered luminous by the sun, which over- 
powers the feeble light of the protuberances. In order 
that the spectrum of th(i protuberances should be seen, 
it is necessary to lower the light of the terrestrial atmo- 
sphere to a sufficient degree, yet without at the same 
time materially wtiakening that of the protuberances. 

The practicability of effecting this depejids on the 
great diffcTence that exists between ordinary daylight 
find the liglit of the protuberances. The former con- 
sists of all possible kinds of rays, and gives, apart from 
Fraunhofer’s lines, a continuous spectrum ; the latter, 
on the other hand, consists of only a few homogeneous 
kinds of light, to which, in its spectrum, the previously- 
mentioned bright lines correspond. By multiplying 
the prisms of the spectroscope the continuous spectrum 
of ordinary daylight may be indefinitely e3E?tended, and 
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its brilliancy so far diminished that it is scarcely to be 
perceived. By the same system of prisms the bright 
lines of the spectrum of the protuberances may indeed 
be separated widely from one another, but are not mate- 
rially weakone(J in brilliancy. « lu order, therefore, to 
see thto distinctly upon the dark ground of the almost 
imperceptible spectrum of the atmospheric light, it is 
only requisite to use a strongly dispersing spectroscope. 

Were the spectroscope pointed directly towards the 
sun, light from all its parts would simultaneously pene- 
trate the slit of the instrument and the ordinary sdlar 
s])ectrum would be produced ; but with the present object 
in view it is necessary that each segment of the sun should 
be investigated separal^ely. This object is attained 
by placing a spectroscope instead of the cye-piece in 
a telescope, and receiving the small image of the sun 
formed at the focus upon the plane of the aperture of 
the slit. By this means any given part of the sun^s 
disk or edge can be made to fall separately upon the 
slit. 

This arrangement renders it j)ossible not only to 
recognise by its bright lines the presence of a protube- 
rance, but also to see its complete form with wejl defined 
borders. If we make, for example, the* slit so wide 
that it takes* in the whole image of a protuberance 
between its borders, wc se<^ through the spectroscope as 
many images of it as there are homogeneous rays in 
• the light of the jirotuberance. These images are quite 
sharply defined, and in consequence of the great dis- 
persion of the spectroscope, are so widely separated from 
each other that only one is seen in the field of vision, 
and the protuberance can bo seen at will, red by virtue 
of its 0 rays, or greenish blue by its F rays. This 
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method of observation cannot be applied to a white 
object, because the innumerable coloured images would 
be arranged and become confused in a continuous 
series. The protuberances are to bo regarded as 
viohmt eruptions of gases, which are sliot forth to an 
extraordinary height; above t;he proper solar atmosphere 
(chromospliere) and it is to their absorptive' pow(‘r that 
the Fraunhofer’s lines are due. In the eclipse of 
December 22, 1870, tluj American lobserver Young also 
perceiveid tlic bright lines of the chromosphere itself, 
llff made the following report upon t;his important ob- 
servation, which iiowerfully supports Kirchofl’s view : 

‘ As the solar sickle became narrowc'r, I rtunarked 
how all the dark lines became progressively fainhu*, 
but I was wholly unpre 2 >ared lor the extraordinary 
2 )lieriomeiioii which in an instant presented itself to my 
eye at the mcmient when the dark disk of the moon en- 
tindy covered the photosphere of the sun. Tlie whok‘ 
field of vision wus tilled with bright lines wliich suddenly 
appeared with the greatest brilliancy and then again 
vanished, so that after the lapse of scarcely two seconds 
iiothing remained oV thos(j lines which had just been the 
object of my investigation. It is obviously impossibk' 
for me to staTte with certainty that all the bright lines 
which filled the Held of vision occuiii^^d exactly tlic 
•*'^6anie position as the lines ot* Fraunhofer, but 1 am con- 
^iced that it was so, for T recognised various groups of 
lines, and the whole; dis]»osition, as well as the relative- 
intensity of the spectrum, seemed quite familiar to me.’ 

Since this oliservation, which Avas made during an 
eclipse, the hriglifc lines of the chromosphere have been 
seen in bright sunshine by means of the same method 
of research as that above detailed for examining the 
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protuberances. Young lias in this way observed not 
Joss than 278 bright lines in the chromosphere, of 
which G4 belong to Iron. 

Spectrum analysis has been applied with the greatest 
success, not tcj the sun alone, but to other celestial 
objects. It is impossible, however, to go into farther 
detail in regard to the results obtained, since this sub- 
ject is bevoiid the limits ai4signet>to this work. 
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CHAPTER XII. 

ABSORPTION. 

74. That gaseous bodies arc capable of producing 
ab^rption lines not only in the incandescent condition, 
but at far lower temperatures, is shown by the above- 
mentioned atmospheric lines of the solar spectrum, 
which are essentially due to the aqueous vapour con- 
tained in the air. Other gases possess a similar power 
of absorption, two examples of which may here be 
mentioned. 

After the spc'ctruni of the elect I'ic light has been 
thrown upon the screen, a small test-tube, containing 
some nitric acid and copper, is plac(*d in front of the 
slit. As the acid dissolves the metal, a yellowish-red 
gas is developed, through which the rays of light must 
pass before they reach the prism. 

It may no^ be seen (fig. 119, 1) that the previously 
continuous spectrum is interrupted by, innumerable 
Hark lines (Brewster has coi^nted about 2,000), which 
closely resemble the lines of Fraunhofer. They are 
sparingly present in the red part, but are more closely 
arranged towards the violet end, and render it quite 
faint. 

If a little Iodine be volatilised in another test- 
tube, and the light of the electric lajnp be transmitted 
through the beautiful violet vapour, the sp'ectrum may 
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again be observed to present a number of dark lines 
(fig. 119, 2), which, however, have a very different 
arrangement from the above. They are principally 
situated in the orange, yellow, and green ; and indeed 
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Al)Bori»tion ra. of mtrogeu tctroxide aiid of tlic v»»pour of iodine. • 


are so closely grouped in the latter that they quite 
darken it. On the other hand, the blue and violet part 
of the spectrum is quite free from them. This absorp- 
tion spectrum, as Wiillner has shown, is exactly the 
converse of the sj)cctrum of glowing Iodine vapour. 
If, for example, the reddish-yellow light of a hydrogen 
flume, saturated with Iodine vapour, be examined 
through the spectrum apparatus, bright lines are pb- 
taiiied at those points where the absorption 'spectrum 
appears dark. 

The reddifidi-yellow colour of the nitrogen tetroxidCg. 
and the violet colour of the vapour of iodine, are the 
necessary consequences of their peculiar powers of ab- 
sorption ; for as 'the nitrous acid arrests certain kinds of 
rays of the white light traversing it, and especially the 
violet ones, the mixture of the rest is no longer white, 
but just the reddish-yellow tone of colour proper to this 
gas. For the same reason Iodine vapour, being almost 
opaque for the yellow and green rays, exhibits a mixed 
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tint, formed by the red, blue, and violet rays which it 
t ransmits, and which appear violet to our eyes. 

75. The different colours of transparent solid and 
Hiiid bodies similarly result from their peculiar capa- 
bilities of absorption, a gcries of examples of which may 
now be ^iven. When a solution of permanganate of* 
potash contained in a j^lass trough with parallel walls 
is placed in front oft the slit of the Heliostat,* (fig. 
120), the red and blue-violet regioris of tin; spectrum 
appear unaltered, whilst the yellow and the green 
appear darkemid, Jind upon the dark ground are fine 
black striic. It is unnecessary that any explanation 
should here be entered into of the mode in which the 
reddish- violet colour of the fluid results from this 
phenomenon of absorption. 

If again hJnod diluted with water be placed in the 
glass trough, Ihc violet end of the spectrum vanishes, 
and between i)and hi fvvo broad dark bands (fig. 120, 2) 
make their appe}iranc(i. The rod colour of blood is 
thus not a simple colour, but a mixture of all those 
colours which still remain over in its spectrum. The 
slightest chemical alteration in blood betrays itself 
immediattdy by a corresponding change in the spectrum. 
Thus poisoning by carbonic oxide gas, or by iiydrocyanic 
acid, may bo immediately recognised by^ the cluinged 
1Pp]>earanco of the blood spectrum. Tin" spectroscope 
may thus render important services to Physiology and 
Forensic Medicine. 

Plants owe their green colour to the ^ chlorophgll^ 


* If these experiments are made with the light of the swn, the Fraun- 
hofer’s lilies are seen in addition to the absorption phenoTnenon and furnish 
satisfactory points of comparison for the deteriiftuatiun of the position of 
the absorption hues. 
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contained in their cells. 'Axi alcoholic solution of this 
('olouring material gives a highly characteristic spectrum 
(fig. 120, 3). In the middle of. the red is a deep black 
band, which occupies the interspace between the lines 



Altsorption spectra. 

B and C; three feeble absorption striie are seen in the 
orange-yellow and green ; the indigo- violet part of the 
spectrum from F upwards is completely absent. 

If a pieefe of glass coloured blue with Cobalt be held 
in front of the prism, the spectrum shown in fig. 120,4, 
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is obtained. In this the whole tract from B to 1^ is 
shaded, with the exception of a feebly luminous line 
in the yellow-green. The extreme red, on the other 
hand, before B, as well as the entire indigo-violet extre 
mity of the spectrum, remains unchanged. 

A glass coloured red with oxide of Copper gives an 
absorption spectrum of a far more simple kind than 
any of those hitherto iiientioned (fig. 120, 5). This kind 
of glass only allows the red and orange-red ra} s a.s far 
as D to pass through it; it is quite opaque for all 
other colours. If a red glass be placed before a blue 
cobalt glass the combination produces by absorptive 
action a nearly homogeneous light, namely, tlie 
extreme dark red in front of B, which is the only 
colour that fhe two glasses are together capable of 
transmitting. 

A solution of Potassium bichromate is only trans- 
parent for the less refrangible part of the spectrum as 
far as to the Fraunhofer’s line b (fig. 120, 6). A solu- 
tion of the copper oxide in ammonia is transparent 
only for the more refrangible part, from about the line 
b onwards (fig. 120, 7). The orange-yellow colour of 
thd first-named solution, and the blue of the second, 
are consequeiftly compleinentary to each other. Two 
glass cells filled with these fluids, and placed one be- 
hind the other, scarcely permit the passage of any light. 
The one fluid looked at through the other appears 
completely black. Nevertheless absorption does not 
always produce the particular tone of the transmitted 
light. If only a very small extent of the spectrum be 
► absorbed, the mixture of the transmitted rays does not 
differ rtuiiarkably from white. As Jin example of this, 
a piece of glass may be adduced which contains in a 
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state of chemical combination the rare metal Didy- 
mium. To the naked eye it appears nearly colourless, 
but if it be brouprht in front of the slit, two thin black 
strife appear in the spectrum at the line D, and two less 
well-marked ones in the green j^t E and h (lig. 120, 8), 
which y^re so characteristic of Didymium that they enable 
the smallest quant itj'^ of this metal in solution to be 
detected. If the solid oxide of P.idyiniuui be heated to 
incandescence, hrujhji linen a])pear in the sj)ectrum of the 
eiuittcd light in place of tlie dark lines. We have thus 
in Didymium an example of a solid which when In- 
candescent does not give .a continuous but a linear 
spectrum. The oxides of the metals Erbium and Ter- 
bium, which are also rare, behave in a similar manner. 

If an absorbing substance be employed in a j)ro- 
gressively thicker layer or in a greater degree of concen- 
tration, tlie absorption hands become, without changing 
their position, broader and darker, and colours which 
were previously tra.nsmitted gradually disappear. Thus 
it comes to pass tliat with increasing thickness or con- 
centration the tone of colour of the transmitted light 
frequently becomes quite ditforent. To demonstrate 
this a number of gelatine disks coloured with litinhs 
may be used, which are 2 >hiccd between t\vo colourless 
^»'lass plates in a graduated manner. If these be placed 
before the slit, there will be seen in the spectrunr 
(hg. 121) the graduated amount of absorption corre- 
^«poiiding to the different thicknesses of the gelatine. In 
the case of the thinnest layer only a thin dark band is 
seen in front of D, whilst the thickest layer only per- 
mits the red < nd of the sjiectrum to he seen. The 
appearance of this^ spectrum explains why a layer of 
litmus gradually increasing in thickness first* appears 
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whitisli, then blue, then violet, and finally pnrplc-red. 
Similarly a solution of chlorophyll, which in a thin 
layer appears j^rcen, transmits when very thick only 
the extreme dark-red rays. 

' riG. 121. 


^ nr D i: /.’ // 



Ah«?orptton of the coloiinutj mattor of litmus with difforonfc tliicknr ? of the layer. 

The absorption spectra being thus not less charac- 
teristic in demons brat iiig the prt*sence of the bodies to 
which they belong than are the spectra of the light 
emitted from glowing vapours, spectral analysis opens 
up a wide field of ap] dication. The discovery of adul- 
teration of colouring matters and of food may be particu- 
larly mention od in practical life. 

7G. Til the experiments hitherto made the rays 
einerging from the prism have been received upon a 
paper screen because the rough surface of the paper 
reflects* tin* diflennit coloured rays diffusely, enabling 
the complete spectrum to be*' seen on all sides. Instead 
of the usually perfi»ctly whii.e screen, another one may 
be selected, the upper half of which, is covered with* 
white and the lower half with red paper. The screen 
must be placed in such a posifiou that the horizontal 
line of junction of the two papers halves the spectrum 
throughput its whole length. In iffe upppr half, which 


* See S jiTul 1,) 
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falls upon the white paper, the spectruui exhibits all 
the colours as clearly as before, but in the lower half, 
which falls on the red paper, the colours yellow, green, 
blue, and violet are almost entirely absent, whilst the 
red and orangv- arc almost as bright as when they fall 
on the* white screen (fig. 120, 9). 

This experiment proves that the red paper possesses 
in a high degree the power of renecting diffusely the 
red and orange-(*.o}oured rays, but that it does nol 
reflect the other kinds of rays falling upon it, but, on 
the contrary, swallows them up, or, as we say, absorbs 
them. It is obvious therefore why this paper appears 
red when illuminated by the wliite light of day. 

If this exj)eriment bo rei>eated with yellow, green, 
and blue paper succc\ssively, it will be found fhat each 
absorbs other parts of the spectrum, and that the par- 
ticular colour which it possesses in daylight is always 
ihe tint caused by mixture of all those rays which it 
diffusidy rcilects. 

White paper absorbs no one of the homogeneous 
colours present in the liglit of the sini in particular, hut. 
reflects all in their original state of mixture, and it is 
on this account that it appears hy daylight white. A 
surface is called (jrcy whicli possesses an <'qually small 
power of diffusion for all colours. Lastly, everything 
appears hlarJc the surface V>f which is of such a nature 
that all kinds of rays are absorbed by it. 

The whole range of colours presented by objects id 
all their variety may thus be explained on the })rinciple 
of absorption. All objects, whetlicr seeji by transmitted 
or by reflected light, exhibit exactly that (jolour wdiich 
is complementary Vo the sum of the rays absorbed. 

The briglit fresh green of plants, for example, re- 
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suits from tlie absorbing action of chlorophyll, and has 
therefore the same composition as the light passing 
through a solution of chlorophyll (see fig. 120, 3). It 
contains, namely, the extreme red in front of the 
Fraunhofer’s line B quite uiidiminished in intensity, 
the orange-yellow and green between C and jiJ with 
tolerably strong brilliancy, and a little blue, but the 
middle part of the red (corresponding to the absorption 
stritC between B and C) as well as the indigo and violei, 
from the middle between F and (r, are almost com- 
pletely absent. 

This peculiar composition of the green colour 
of plants exidains the surprising appearance wdiich 
a woll-wood('d landscape presents on a sunny day if 
looked at through two properly selected glass plates, 
of which one is a blue cobalt glass whilst the other 
is faintly tinted with oxide of copper. Spectacles made* 
of tlu'se two glasses superimposed on one another 
[eri/lkrophyioticopf) permit only the extreme red con- 
stituent of the gre(m colour of plants, with some blue- 
greeii and blue but ^no green or yellow, to reach the 
eye. The foliage of plants is thei*efore seen coloured of 
a beautiful red, whilst the bright sky is of a deep violet- 
blue colour, the clouds of a delicate purple, and the 
earth and rocks of ii violet-grey. t 

77. The esseniial nature* of the colours of objects 
may thus be strikingly indicated, by saying that they 
are the residue of the light by which they are illumi- 
nated after abstraction of those rays which are extin- 
guished by absorption. It follows as a matter of course 
that objects can only exhibit such colours in transmitted 
as well as in diffusely reflected light are already con- 
tained in the incident light. Hence in order that a 
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sheet of red paper should appear rod, red rays must be 
contained in the light by which it is iUumina-ted. The 
light of day contains such rays. But if the room be 
♦Ijirkened and the 2)a|3er illuminated with the monochro- 
matic yellow flpne of Sodium, \t appears black. 

With homogeneous illumination diifercnces of co- 
lour are no longer perceptible. Ulie variations of light 
and shade are alone visible. , Hence the wreath of 
flowers which appeared so luxuriant in the above expe- 
riment would, when seen with homogcmeous light, seem 
withered and yellow ; and a picture*, rich as it mi^ht 
really be in colour, would resemble a sepia drawing. 
Were the snn a sphere of glowing vapour of Sodium, 
all terrestrial iiatui-e would present this moiiotonons and 
gloomy asjjoct. It rc'quires the white light of the smi, in 
wliich innumerable colours are blended, to disclose to 
our eyes the variegated tints of natural objects. And 
so again, if a Magnesium wire be held in the Sodium 
lljMiie, its white light, as by a stroke of magic, restores 
the fresh colours to the wreath of flowers, to the pic- 
ture, and everything around. 

The light of gas and candles colitains all the colours 
of the solar spectrum, though not mixed in exactly -the 
same proportion. The yellow rays are very abundant, 
whilst the blue and violet arc relatively much less 
abundant than in solar light. This affords an explana- 
tion of the well-known fact that green and blue clothing 
materials are difficult to distinguish by candlelight. 
For green materials refl(?ct especially the green and a 
few blue rays; blue materials, in addition to the green, 
the blue rays especially ; but since blue is only sparingly 
present in candlelight, whilst green is abundant, 
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objects presenting both colours by daylight appear 
more or less of a green colour by candlelight. 

If the two colours are mingled the mixture presents 
that colour which remains over aftc^r the abstraction of 
all the rays absorbed the two materials. It is, for 
example, generally known that a mixture of blue and 
yellow, as of Prussian blue and gamboge, pi’oduces a 
green. This is by no,, means in opposition to the fact 
above stated (§ 57), that the yellow and the blue of 
the spectrum unite to form white. For in order that 
out eyes should receive the impression of white it is 
iiecessHiy that blue and yellow rays should enter them 
simultaneously. A mixture of Prussian blue and gam- 
boge emits neither blue nor yellow, but essentially 
green rays. The former colouring matter absorbs the 
red and yellow, the latter the blue and violet rays, and 
the green rays therefore alone remain in the diflFuse 
light reflected fr<;m the mixture. 
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CHAPTER Xril. 

4 

FLITORESCKNOE. PHOSPHOEKSCENCK. CHEMICAL ACTION. 

78. The question now arises, what becomes of \lie 
rays that have undergone absor]>tion Are they in 
iact, as they ai)i)ear to be, annihilated? A series of 
phenomena now to be considered w ill give ns an answer 
to these questions. 

If water containing a little JEscuUn, a substance con- 
tained in the bark of the horse chestnut in solution, be 
placed ill a flask, and the rays 
of the sun or of the electric lamp 
concentrated by a lens situa-ted 
at aboutits focal distance from 
the vessel, be directed upon it, 
the cone of light thrown by 
the lens into the interior of the 
fluid will be sVen to shine with 
a lovely sk 3 '-blae tint. I'he piirticles of the solution of 
^^Isculin in the i)aih of the beam become spontane- 
ously luminous^ and emit a soft blue light in all direc- 
tions. The cone of light tappears brightest at the point 
where it enters into the fluid through the glass, and 
quickly diminishes in brilliancy as it penetrates more 
deeply. * 

There are great numbers of fluid and solid bodies 
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which become similarly self-luminous under the in* 
Alienee of light. This peculiarity w^s first observed in 
a kind of spar occurring at Alston Moor in England, 
which, itself of a clear green colour, appears by trans- 
mitted solar light of ^a vciy beautifijl indigo-violet 
colour. From its occurrence in Calcium fiuorifle the 
phenomenon has been mimed fluorescence, 

Tn order to understand more precisely the circum- 
stances under which fluorescence occurs, the solution ol' 
iElsculin must again be referred to. The light hefore. 
it Veaches the lens must bo allowed to pass through 
just such another solution of .^sculin contained in a 
glass cell with parallel walls. The cone of light pro- 
ceeding from the lens, as long as it passes through the 
air, does not appear to have undergone any material 
change, it is just as bright and just as white as before. 
In the interior of the fluid however it 7w lonyei' j>resenfs 
a line shimmer ltd becomes scarcely perceptible. 

Thus it is seen that light which has traversed a 
solution of .^sculin is no longer capable of exciting 
fluorescence in another solution of iEsculin. Those rays 
consequently v/liicli possess this property must be 
arrested by the first solution of -^sculiii. Similar 
results are oWtained in the case of every other fluores- 
cent substance. ^ 

The general proposition C|jbn therefore be laid down, 
that a body capable of exhibiting fluoresceni^e fluoresces by 
virtue of those rays which it a.hsorhs. 

In order to determine what rays in particular cause 
the fluorescence of iEsculin, the spectrum must be pro- 
jected in the usual way; but instead of its being 
received upon a paper screen it mustebe allowed to fall 
upon the wall of a glass cel) containing a solution of 
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.Esculin, that is to say, upon the solution itself, and it 
inust then bo observed in what parts of tlie spectrum 
the blue shimmer appears. The red and all the other 
colours consecutively down to indigo 
appear to be absolutely withouli elfect. 

The bluish shimmer first comminices in v 
the neighbourhood of the line and ^ 

(iovers not only the violet part 'of the Bpi 
s])ectrum, but stretches far beyond the ^ 
yrou'p of lines Jf to a distance whicli is 
about ecpial to tlie length of the spec- — 
trum visible under ordinary circuiu- : 
stances. 

From this the conclusion must be 
drawn that there are rays which are 
still more refrangible than the violet, " 
but which in the ordinary mode of pro- 
je(*ting the spectrum are invisible ; th(.‘sc ^ 
are tcn-ined the vlfra-violet rays. They 
become apparent in the iEsculin solu- - 
ti<.>n because they are caj)ablo ofex^jiting 
tli(' bluish fluorescent shimmer in it. 

If sunlight has been used in the above t 
oxj)oriinents the well-known Fraun- 
hofer’s lines* appear upon the bluish . ||||||| 
ground of the fluorescing ’spectrum, not ^ 
only from G to jy, but the ultra-violet ^ 
part also appeals filled with numerous " 
lines, the most conspicuous of which are 
indicated by the several letters L to 8 
(fig. 123). That jbhese lines, like the ordinary Fraun- 
hofer’s lines, belong properly to solar light, and do not 
depend upon any action of the fluorescing substance, is 
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evident from tljc eircurnstanee that with the electric 
light tlu^y are no more apparent in the ultra-violet 
than in the other colours, and further, because the 
same lines are seen in the solar spectrum, whatever may 
be the fluorescing substance under exan^inution. 

Qmtrh luis the power of transuiittiiig the ultra- 
violet rays far more completely than glass. If there- 
fore the glass lens and 2 )rism hitherto used for ])roject- 
ing the sjiectrum b(i rejdaced by^a quartz lens and 
prism, the ultra-violet ])art of the sjjectrum is rendered 
much brighter and is extended still further than 
before. 

The ultra-violet rays of the spectrum can, more- 
over, be seen without the intervention of any fluorescing 
substance through a. glass, or still bettor, through 
a quari/z prism, if the bright part of the spectrum 
betwe(iu B and H be carefully shut off. With feeble 
illumination its (X)lour a|)pears indigo-blue, bui» with 
light of greater intensify it is of a bluish-grey tint 
(lavender). The ultra-violet rays thus ordinarily escape 
observation, because^ they produce a much feebler im- 
pression on the human eye than the less refrangible 
rays between B and H. 

An expliiuation is thus aflForded why the solution of 
^sculin, apart from its absorption, is cotourlcss when 
seen by transmitted light; for since it absorbs only 
the feebly luminous violet and the entirely imperceptible 
ultra-violet rays, the mixed light that has passed 
thremgh it stil' a^ipears white and is not rendered 
materially faint (»r. 

79. If the solar spectrum be thrown in the above- 
mentioned manner upon the fluid, ifs fluorescing part 
everywhere exhibits the same bluish shimmer; and spec- 
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troscopic examination shows that this bluish light has 
always the same composition, wht?thcr it is excited by 
the G rays or by the I! rays or by the ultra-Yiolet rays, 
and that it is formed of a mixture of red, orange, yellow, 
green, and blue. It is thus aoen that the different 
kiiuls ?)f homogeneous light, as far as they are generally 
t‘liectivc, produce comjmund fluorescent light of identi- 
cal composition, iluj coiistituenfs of which ticverthe' 
less are c*olleetiv(‘ly /c.s%s* 'nfra'/i(jthlc Ihan^ or are at most 
equally refra'i}(jif)1c wilh^ the exciting rays. 

Amongst other fluorescing bodies may be mentioned 
the solui ioii of (iuiiniu‘, which is as clear as water, and 
has a bright blue tinoresctuice; tht) slightly yellow 
Petroleum, with blue fluorescence ; the yellow solution 
of Turmeric, with green ; and the bright yellow glass 
containing XJranitnu, which fluorescc's with beautiful 
bright green fluorescence. It admits of easy demonstra- 
tion that in thes<‘ bodies also it is the more refrangible 
rays that call forth fluorescence. For if we illuminate 
tliem with light wdiicli has passed through a red glass 
lu) trace of fluorescence is visible. But if the red be ex- 
fiianged for a blue glass the fluoresc(*nce becomes as 
strongly marked as with the direct solar light. Al'e- 
markable phenomenon is j)resented in* the splendid 
bright green Jight which is emitted by Uranium glass 
under the action of blue illumination. 

The highly refrangible rays wdiich possess in so high 
a degree the 2 ) 0 wer of exciting fluorescence are con- 
tained in large proportion in the light emitted by a 
Geissler’s tube [sec § (58) tilled with rarefied nitrogen. 
In order to expose fluorescing fluids to the influence 
of this light the arrangement represented in fig. 1 24 
may be employed with advantage. A nsirrow tube 
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is surrounded by a wider glass tube, into wliicli tiie 
fluid is introduced by a side opening wliicli can be 
closed if required. Another form of Geissler’s tube is 
represented in fig. 125, which contains in its interior a 

P’ 
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(JoisBler’s fluori'-ceuce tuln? dris-'ler’s tube with Urauiiuu glass pijIktos. 


number of hollow spheres composed of Uranium glass. 
Where a beam of the reddish violet nitrogen light tra- 
verses the tube the Uranium glass balls shine with a 
beautiful bright green fluorescent light. 

The electric light passing between carbon points is 
rich in rays of high refrangibility, indeed the ultra- 
violet end of its si)ectrum reaches even further than that 
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of the solar spectrum. In the light of the Magnesium 
liMup the ultra-violet rays are also abundant, and both 
sources of light are therefore particularly well adapted 
to 2 >roduce fluorescence, whilst gas and candlelight are 
nearly inoperative on account of the small amount of 
the more refrangible rays they contain. 

80. It would nevertheless be incorrect to infei 
from the above facts that the mere refrangible rays arc. 
exclusively capable^ of exciting fluorescence. A red 
tluid which is an alcoholic solution of Naphthalin red 
(Eose de Magdala, an anilin colouring material) and 
which oven in ordinary daylight fluoresces with orange 
yellow tints of unusual brilliancy, will serve to demon- 
strate that even the less refrangible rays are capable 
< »f producing this etfect. In fact, if the spectrum be pro- 
jected upon the glass cell containing the fluid (flg. 1 20, 2), 
the yellow fluorescent light will be seen to commence at 
Ji point intermediate to G and and therefore still in 
the red, and to extend over the whole remaining spec- 
trum as far as to the ultra-violet. The strongest fluo- 
rescence by far is shown belling the line I) in the" 
greenish-yellow rays. It then again diminishes, and 
becomes a second time more marked between E and 
I'rom thence onward the fluorescence becomes fainter, 
tlum increao('s again in the violet, and gradual!}' 
vanishes in the ultra- violvt. In Naphthalin red, there- 
I'ore, there are rays of low refrangibility, namely, the 
green-yellow rays behind Z>, by which its fluorescence is 
most powerfully excited. 

The fluorescing spectrum received upon the fluid 
shows, as we have already mentioned, three regions of 
stronger fluorescence, and the absorption spectrum of 
Naphthalin red, which by placing a small cell filled with 
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tlie solution in front of tlie slit may be obtained upon a 
paper screen, gives a key to the cause of tliis phenomenon. 
In this spectrum (fig. 120, Ij a completely black band is 
visible in the green-yellow behind I), a dark band 




H 



Abf!oi*ptioii and flnoTesclnf? fip^'cfcram of Naphthalin rod 

between TJ and wliilst the violet end appears shaded. 
On employing a very strong solution of tlie Naph- 
thalin colouring material, the whole spectrum vanishes 
with the exception of the red end, which nminins ap- 
parent to a j)oiiit behind (7. If now the absorption 
spectrum be coinpan^d with that thrown upon tln^ fluid, 
the intimate relation between absorption and fluo- 
rescence that has already been pointed out in the -ZEscu- 
lin solution is„corroborated in the minutest ]vartieulars. 
For every dark hmul in the absorjtfion spectrum corre^ 
sponds to a hrujht hand in the Jlnor esc ing spectrum. Every 
ray absorbed by the fluid occasions fluorescence, and the 
fluorescent light producted by it is the brighter the more 
completely the ray is absorbed. 

A second example of the excitation of fluorescence 
by rays of small refrangibility is exhibited by a solu- 
tion of chlorophyll. The spectrum projected upon this 
green fluid fluoresces of a dark red colour, from to a 
point within the ultra-violet, exhibiting at the same time 
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bright bands which correspond with the dark bands in 
the absorption spectrum ( hg. 120, 3). Between B and C, 
where the greatest amount of absorption occurs, the 
huorescence is also the most marked. But it is the 
middle red rays which lnire act most powerfully as 
e-xcitiftits. It is remarkable that the red fluorescent 
light which the chlorophyll solution emits likewise lies, 
in regard to its refrangibility, between B and 0. Chlo- 
roi)hyll solution attbrds a [♦roof that all rays of the 
spectrum,* with the exception of tin' extreme red in 
front of B, are capable of calling forth fluorescence. 
Their capacity for doing so depends simply on the 
power of absorption of the fluorescing substance. The 
most refrangible violet and ultra-violet rays are, how- 
ever, ciiaracterisod by the circumstance that they are 
c,a[)able of exciting all known fluorescing bodies. 

81. Fluorescent light is only perceived so long as 
the fluorescent substance is illuminated by the exciting 
rays. As soon as the light falling on it is obstructed 
the coloured shimmer vanishes. It is only in the case 
of some fluorescing solid substances, as for example, 
Fluor-spar and Uranium glass, tlial, with the aid of aj>- 
propriate apparatus (Becquerel’s Phosphoriscope), a very 
short continuance of the fluorescence mtfy be observed 
to take place^in the dark. 

There are, however, a^^umber of bodies which, after 
being excited to self-luminosity by a brilliant light, 
, continue to shine for a certain time in the dark. A 
series of imlverulent white substances, namely, the 
sulphur compounds of Calcium, Strontium, and Barium 
(which should be kept in hermetically sealed glass tubes), 
do not exhibit ^le faintest light in a dark room. 
Moreover, if they be covered wuth a yellow glass and 



192 


OPTICS. 


illuminated with the light of a Magnesium lamp, they 
remain as dark as before. But if the yellow be ex- 
changed for a blue glass, and the Magnesium light be 
allowed to play upon them for a few seconds only, they 
emit in the dark a soft, light, each powder having its 
own proper tint of colour. This power of shining in 
the dark after having been exjwaed to light is termed 
'phosphorescence. The property is possessed in a high 
degree not only by the above-nan\ed artificially pre- 
pared substances, but by various minerals, as the dia- 
mond, fiuor-spar, and a variety of fluor-spar called 
Chlorophane. 

Phosphorescence, like fluorescence, is an eflect of 
absorbed light. For the refrangible rays which, in 
accordance with the results of the experiments that 
have been made, are alone capable of exciting these 
substances to self-luminosity are exactly those which 
they absorb. Pliosphorescent light itself, examined 
spectroscopically, is found to be composed of rays the 
refrangibility of which is smaller than that of the excit- 
ing rays, and it is indeed compound even when the 
exciting light is hofiiogeneous. The affinity between 
phosphorescence and fluorescence which expresses itself 
in this relation is unmistakable. Phosphorescence may 
be described as fluorescence which is prolonged for a 
certain length of time beyon<^the action oV the exciting 
rays. 

A remarkable fact discovered by Becquerel must not 
here be passed over in silence. When “a card covered 
with Strontium sulphide is made feebly phosphorescent 
by daylight, and a solar spectrum is then projected upon 
it in a dark chamber, we observe in the course of a few 
seconds after the opening in the shutter has been closed 
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that tlie whole surface of the card still cojitinues to 
shine, with the exception of that part on which the 
less refrangible portion of the spectrum from A to F 
previously fell. In that part no phosphorescence is 
visible. The Jess refrangible rays are thus not only 
incapable of exciting phosphorescence, but they appear 
crew to destroy or distfirh the phosjf/ioresccmcc called forth 
hy the more refraurjlhU rays. . 

In order to avoid misiinderslaiiding, it must furthei* 
be remarked that the light of phosjihonis (apart from 
the similarity of the name), the light of touchwood, of 
fire-flies, of various marine animals, (‘tc., does not belong 
to the class of phosphorescent phenomena caused by 
the absorption of light which we have here considered. 
These bodies are riitlier to b(*. regarded as self4umi- 
noKS in consequence of chemical and physiologicjil 
processes. 

82. The nature of the substances exhibiting fluo- 
rescence or phosphorescence owing to the rays of light 
they have absorbed is in no way altered. There ar(‘, 
however, a number of bodies which undergo a iiernia- 
nent change in their nature — an alteration of theii 
chemical composition — from exposure to light. Eveiy- 
oiie must be familiar with numerous examples of this 
chemical actiop of light from the phenomena of daily 
life, and it is only necessai^’^ to mention such cases as 
the bleaching of linen and of wax, the fading of colour<‘d 
.stuffs, and the blanching of water-colour drawings. 

How powerfully the chemical action of liglit can bo 
exerted under certain circumstances may be shown by 
the following experiment. A mixture of equal parts of 
Chlorine and Hydrogen is introduced into a thin glass 
hall. If this be exposed to the daylight the two gases 

o 
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gradually combine to form Hydrochloric acid gas, a 
chemical compound the aqueous solution of which is 
generally known under the name of Muriatic or Hydro- 
chloric acid. But if the light of the Magnesium lamp 
be allowed to fall on tho sphere it instaqtly bursts with 
a loud explosion, and is broken into a thousand 
fragments, that is to say, under the influence of this 
brilliant light the chenjical combination of the two gases 
and the associated development of heat takes place 
with such suddenness that the thin glass is unable to 
resist the pressure exerted. 

If a yellow glass be placed in front of the Magne- 
sium lami), and the yellow light transmitted, which 
contains only the less refrangible rays of the spectrum, 
be allowed to act upon another of these little glass balls 
filled witli the same mixture of gases, the ball will not 
explode, but it bursts directly if the yellow be ex- 
changed for a blue glass. The conclusion therefore 
may be drawn that it is only the more refrangible rays 
of the spectrum that are capable of inducing the 
chemical combination of Hydrogen with Chlorine. 

Whilst in the example just given the rays of light 
induce the chemical comhination of two elementary 
substances, ifi other cases they can eftect the decomposi- 
tion of compound bodies. This is pre-eminently the 
case with the salts of silver on which Photography 
depends. The photographic process consists in receiv- 
ing the image thrown by a camera obscura upon a glass , 
plate covered with a layer of a sensitive preparation of 
silver, and as the silver salt is only decomposed when it 
is exposed to the light, and in proportion also to the 
brilliancy of the light, a permanent jmage is fixed upon 
the plat&. 
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Daily experience shows that the more refrangible 
rays are more active in producing photographic effects 
than the less refrangible; a blue coat, for example, 
comes out very bright in a photograph, a red, on the 
other hand, very dark ; although, looked at direct^, the 
former appears to the eye the darker of the two. The 
most immediate key to the action of the different kinds 
of rays is obtained when we photograph the solar 
spectrum itself. The red, yellow, and the greater part 
of the green ra3^s are then seen to be completely without 
action, whilst the blue, violet, and especially the ultra- 
violet part of the spectrum a, re depi(‘ted sharply with 
all their dark lines. Photography acts upon the ultra- 
violet rays still more than fliioreseence ; it constitutes a 
means not only of making this part of the spectrum 
visible, but also of fixing it permanentlj’. 

These groups of more refrangible rays, namely, the 
blue, violet, and ultra-violet, may fairly be eliaracterised 
by the term ‘ photogi'aphic rays,’ When, as is frequently 
done, they are called ‘ chemical rays,’ the exclusive 
power is incorrectly ascribed to tliym of acting chemi- 
cally. Their chemical action does not depend, as might 
he inferred from the term ‘chemical rays,’ upon any 
special chemical, or as it has also been called ‘ actinic ’ 
property inherent in them in opposition to the other 
ray^s, but simply upon the% circumstance that all easily 
decomposed salts iiossess the property of absorbing the 
• more refrangible rays whilst they allow the less re- 
frangible to pass through them. 

That the less refrangible rays are really capable of 
exerting a chemical action was demonstrated by H. 
Vogel, By the addition of certain anilin colouring 
matters to bromide of silver he was able to produce 
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photographic plates which were sensible for the green, 
yellow, and red colours. For as these colouring matters 
absorb the above-mentioned rays they undergo a chemi- 
cal change which enables them to decompose the 
bromide of silver. * • 

The most conspicuous example of the cheniical*action 
of the less refrangible rays is, however, afforded by 
nature herself. Plante draw the whole of the carbon 
they require for their growth from tlie air, and this they 
effect by the decomposition of carbonic acid gas, wTiich 
they break up into carbon, which remains as part of 
the plant, and oxygen which is returned to the atmo- 
sphere in th(^ gaseous form. This action, so important 
for the welfare of plants, is completed only in the 
green (chlorophyll-holding) parts of the plants under 
the influence of the solar light. By means of researches 
on different coloured light it is now ascertained that 
those rays which cause the most rapid evolution of 
oxygen belong to the less refrangible half of the 
spectrum. 
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CHAPTER XIV. 

.\CTION OP HEAT. 

4 

8J>. The surface of the earth is not only illuini- 
iiatod by iJie solar rays, but it is also warmed by them. 
It is clear from what has been said that rays which i\ro 
r(dlcctcd from the surlace of any body, or which are 
transmitted, cannot have any action in warming it. 
It is by the retained or absorbed rays alone that it can 
b(' warmed. 

From tliis point of view it is not difficult to appre- 
hend the dittereiit behaviour of bodies in regard to their 
capacity of being warmed by the solar rays. 

Air being transparent allows the solar rays to 
traverse it without diminution of their intensity ; it is 
(‘onsequcntly warmed by them only to a very insignifi- 
cant degree. Hence the upper regions of the air, 
although they receive the solar rays at lilst hand, are 
so cold that even in the tropics the summits of high 
mountains are covered v(^ith everlasting snow. The 
warming of the air is mainly due to the heat it receives 
the heated surface of the cartli below, which 
gradually cornu ninicates the heat it has obtained by 
absorption to the strata of air in immediate contact 
with it. 

Bodies with polished surfaces, which reflect the 
greater i)art of the rays falling upon them, aiifl trans- 
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parent colourless bodies, wbicb almost wholly transmit 
such rays, undergo only slight heating. On the con- 
trary, rough surfaces, that is to say, surfaces incapable 
of much reflexion, and dark colours, or those which 
possess high power of • absorption, are ^conditions that 
favour the heating action of light. ‘ 

Any substanccj therefore will become heated by radia- 
tion to the greatest degree when its surface is made 
rough and compl(»tely black, so thf.,t it can absorb all 
the rays falling upon it. This object is best attained by 
coating the substance with lampblack. 

Thus, for example, if two thermometers be exposed 
to the sun, Ihe bulb of one of which is blackened 
whilst the other is bright, the former will show a higher 
temperature than the latter. 

Herschel first suggested tliat with the aid of such a 
blackened thermometer the calorific power of the different 
coloured rays of the spectrum could be tested. When 
he exposed a thermometer successiviOy to the several 
rays he found that the red were much hotter than the 
blue, and that even in the dark rvAjion on the near side of 
the red end a considerable elevation of temperature was 
still observable. 

An ordinhry thermometer, however, is not sensitive 
enough to follow and determine all the de^grees of varia- 
tion of temperature in the spectrum. But we possess 
in tiie Thermopile an instrument admirably adapted for 
such delicate researches. 

If rods of antimony and bismuth' be soldered to- 
gether in the manner shown in fig. 127, so that the first, 
third, and fifth, &c., or generally the odd numbered 
joints, are turned in one direction, wjiilst the even num- 
bered joints are turned to the opposite side, and if the 
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terminal rods a and h are connected by a wire, an electric 
current is excited in this as soon as one series of joints, 
us, for example, the odd numbered joints, 

T .1 Fig. 1*27. 

are lieatccl. 

These groups of rods are pnclosed in 
a brass case (fig. 1-8), so that the odd 
numbered joints lie between the slit a ^ ^ ^ 
whilst the terminal rods are connected with the thenno- 

Y pile. 

the binding screws.,^ andr?. The joints are 
blackened, to favour as far as possible the absorption 
of the rays falling upon them. This apparatus is 
termed a Thermopile ; and because the joints arc 
arranged in a straight lino, a />, a fic. ii>s. 


linear Thermopile. 

The strengtli of the thermo-electric 
current traversing the wii’e connecting 
the poles is proportional to the heat 
applied to the joints. From the in- 
tensity of the current may be esti- 
mated the degree of heat to which the 
joints have been exposed. 

For the measurement of the in- 
tensity of the current the instrument 
termed the Galvan ometery and depicted 



» Linear thermoi>ile. 


in fig. 129, 13 employed. A copper wire covered with 
silk is wound round and noiind a frame of wood, in the 


interior of which a magnetic needle is freely suspended 
by means of a fibre of silk from the cocoon. The ends of 
the wire are fixed by binding-screws. A second magnetic 
needle, firmly connected with the first, is placed above 
the frame, and plays freely over a circle divided into 
degrees. The two needles are parallel to each other, 
but their poles point in opposite directions.* By this 
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means they are retained in the position of equilibrium re- 
sulting from the magnetism of the earth with very slight 
Fi<!. 1J9 force only, whilst the ac- 



Calvaiioiiu n i . 


lion of the current, which 
exerts its ^influence alike 
upon both, is doubled. The 
action of a galvanic cur- 
rent traversing the coil 
consisis ill causing the 
needles to deviate from 
their position of equili- 
brium parallel to the turns 
of the wire, and this to 
an extent corresponding 
to the intensity of the cur- 
rent, 

84. If now the binding- 
screws of the Thcrniopih* 
are connected by means of 
wires with the tmds of the 


coil of the Galvanometer, and the Thermopile be placed 
in the violet end of n. solar spectrum thrown by a flint- 
glass prism, it will be found that the deviation of the 
galvanometric needle is extremely small ; but it will be 
observed that the deviation progressively% increases as 
the Tliermopile is gradually i moved towards the red 
(}nd of the spectrum, and that it even becomes still 
greater in the dark region on this side pf the red lill a 
point is reached which is as distant from the line B as 
this is from the line 19. From this point onwards 
it gradually again diminishes, though it may be fol- 
lowed for a considerable distance into<;he dark region. 

Thus it is seen that amongst the rays emitted by 
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Kig. 130. 


the sun there are some of still less refrangibility than 
the extreme red rays, and these may be termed the 
ultra-red rays. They are recognised by their calorific 
action alone ; they are imperceptible to the eye, for 
the reason tlio^ they are absorbed by the fluids of the 
eye, aild never roach the retina.* On this account they 
are sometimes termed the ‘ dark calorific rays.' 

Ill order to obttaiii a generaj view of the calorific 
action of the difierent jiarts of the spectrum, perpen- 
dicular lines must bo 
erected upon the Ion g 
axis of a spectrum 
(fig. I.‘i0) of a height 
corresponding to the 
in easured heating 

power of that part 
of the spectrum. By 
joining the apices of 
these peqienJiculars we obtain a curved line which 
I'xhibits the varying amount of the calorific power in 
difierent parts. 

In the spectrum of a flint-glass prism the apex of 
the therinotic curve — that is to say, the pli^ce of greatest 
heat-effect — is situated, as is shown above, outside the 
apparent spectrum in the ultra-red region. 

If the spectrum throvhi by a prism and a lens ot 
rock salt be now examined, the thermotic aclion will 
* be found exa^ctly «qual in the visible part of the spectrum 
to that of the corresponding part of a flint prism spec- 
trum ; in the ultra-red region, however, the thermotic 
curve of the rock-salt spectrum rises above that of the 



F D B 
•at-cnrY<'s of Lho “pri'tra tliTo^ /n by 
Hull glass and lock salt. 


* According to tlic rcscarchfs of Uruckc and KnoLlaucli. 
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flint spectrum, and its highest point is still less re- 
fracted (fig. 180, upper curve). It appears therefore 
that flint glass is less diatliernianous for the dark heat- 
rays than rock salt. By experiments — an account 
of which would lead us too far astray — it may be shown 
that rock salt allows the dark rays to pass without let 
or hindrance, whilst most other bodies, even if they 
happen to be quite transparent for luminous rays, 
absorb them to a greater or lessi> extent. If it be 
required therefore to compare the spectra from various 
sources of light in regard to their thermotic action, the 
prisms and lenses should be made of rock salt. 

We thus find, for examine, that the electric light 
from carbon points is relatively much richer in dark 
thermotic ruys than sunlight. At a point of its ultra- 
red spectrum which is at the same distance fi’om it as 
the commencement of the green upon the visible side, 
the thermotic action is, according to Tyndall, five timcH 
as great as that of the red rays. 

The stronger thermotic action of the ultra-red rays, 
in comparison with that of the luminous, is strikingly 
shown by the following experi- 
ment : — Two spherical flasks are 
taken, one of wliich contains a 
transparent solution of alum, which 
permits itll visible or luminous rays 
to i)ass til rough it without inter- 
f ^ - tj) wdiilst it, absorbs the in- • 

Action of the invisibio visible thermotic rays. The other 
therniotu rays. filled with d solution of iodine 

in carbon bisulphide, wliich appears black because it is 
completely opaque for luminous rays; it transmits, on 
the contrary, the thermotic rays. If the alum flask be 
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placed before the aperture of the electric lamp, it 
collects, acting like a lens, the luminous rays into 
a caudic of dazzling hrillLancy^ the heating power of 
which however is but small, for a pellet of gun-cotton 
j>laced in the focus will not explode. The flask con- 
taining the black fluid (6g. 131), on the contrary, 
unites exactly in the same way the dark rays into an 
invisible focal point, the heat of which not only causes 
the gun-cotton in.ntantaneously to explode, but even 
raises a piece of platinum foil to rc^d heat. 

85. Every source of light gives off, besides its 
luminons rays, dark rays of small refrangibility. Hot 
bodies, on the other hand, not heated sufficiently to 
glow, emit only dark rays. In the Thermopile we 
possess a means of demonstrating the presence of such 
rays and investigating their behaviour. And the results 
of numerous researches have shown that the dark rays 
obey the same laws as the bright ones ; they undergo 
reflexion from polislied surfaces as from a mirror, whilst 
they are diftiisely reflected from rough surfaces. They 
course in n. straight direction through one and the same 
medium, but are refracted when‘'*they enter another 
medium, their refrangibility agreeing with that of the 
ultra-red portion of the spectrum. • 

A solid body, as for example a platinum wire, which 
is gradually raised to an iptense heat, first emits dark 
ultra-red rays ; as soon as it begins to glow, it emits in 
addition the extreme red rays. At a bright red heat its 
spectrum extends as far as JP, and at a white heat it 
gives off all kinds of rays as far as II, 

All these facts demonstrate that no other difference 
exists between t^e dark heat-rays and the luminous 
rays than the gradual and progressive ir/crease of 
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refrangibility ; the former do not differ from the latter 
otherwise than the red rays differ from the yellow, or 
the yellow from the green. The invisibility of the 
former does not consist in any peculiarity of the rays 
themselves, but is dependent on the nature of our eyes, 
the fluids of which are opaque for the ultra-red rays. 

The dark rfiys are p(U’C(iptible to us only through 
the sensation of warmth they give to us ; the luminous 
rays, on the contrary, act simultaneously on two organs 
of sense — upon the nerves of coinnioii sensibility or 
touch as heat, and upon the eye as light. Every ray of 
light is thus at the same time a ray of heat. We are 
mcapablo, for exanqjle, of sei)arating the heating (‘fleet 
caused by the yellow light of Sodium from its illu- 
minating power. It gives no rays of such low refrangi- 
bility that tluy produce only the eflecls of heat, and 
not of liglii. 

Light and radiant heat are therefore, as effects of 
one and the same ca.us(‘, to be distinguished from eacdi 
other not by any peculiarity of thc‘ir own, but only by 
us as difftjrent forms of sensation. The same individual 
ray calls up in us, according to the nerve-path through 
which the impression it makes is conducted to the seat 
of our conscicyasness, sometimes a sensation of light and 
sometimes of heat, just as a drop of vinegar applied to 
the tongue tastes sour, but^ if brought into contact 
with a sore place on the skin, produces a sensation of 
burning ; or as a tuning fork when struck produces a 
sensation of sound in the ears, but a feeling of vibration 
to the hand in contact with it. 

86. If now a general view of the solar spectrum 
throughout its whole extent be taken, it is seen to be 
composed* of three portions of nearly equal length — 
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tho ultra-red, the luminous, and the ultra-violet 
portion. 

Tn the figure below {fig, 1^12) throe curved lines are 
drawn above the spectrum, of which that marked by 
i/7 is the curve' that we now kriow of heat; the curve 
[1 in like manner expresses the chemical action on a 
njixture of chlorine and hydrogem and the salts of 
silver ; and tlje curve / gives the brilliancy of the illu- 


Ki*. I \ • 


U (Hu' h B 
Liffht, heat, and pbotogr ipluc action of the solar spectrmu. 

mi nation v/ithin the limits of the visible spectrum. 
From this drawing it is evident that the maximum 
amount of light is in the yellow, the maximum of the 
photographic action is in the violet, and finally, the 
maximum heat is in the ultra-red. 

In reference to the rays thensselves, these throe 
curves havtj a very different signification. It is clear 
that the action which a ray exerts upon a body is 
determined on the one hand by the intensity or energy 
of the ray, atid on the other by the capacity for 
absorption of the body, HOwever great the intensity ol' 
a ray may be, it will exert no influence upon a bod} 
which will not absorb it. Thus, for example, the red 
rays, however intense they may be, exert no influence 
on a mixture of hydrogen and chlorine, or sensitive 
silver salts, because these substances do not absorb 
them. I 

Each of the curves I and IJ therefore expresses the 
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co-operation of two actions — ^the intensity of the rays 
and the capability of absorption of the retina, or of a 
photographic plate — which is very different for different 
kinds of rays. They afford ns therefore but little 
direct information on ‘either point. The curve ITJ 
shows the heating influenc(i which each part *of the 
spectrum exerts upon the blackened surface of the 
Thermopile. Now lampblack behaves as an almost 
perfectly black body to all kinds ‘of rays alike, since 
it completely absorbs them all, and becomes heated in 
proportion to their intensity. The thermotic curve 
shows therefore the intensity of the radiation which 
falls on each part of the spectrum free from the in- 
fluence of any special capacity for absorption. It is 
therefore to be regarded as the true carve of intensity of 
the prismatic spectrum. 



rRESNEL'S MIREOR EXPKJUMENT. 


207 


CHAPTEE XV. 

MIRROR EXPERIMENT OP PRERNEL. 

UNDULATORY MOVEMENT. 

87. The reader has hitherto had his attention con- 
fined to the experimental investigation of the lav«rs 
of the phenomena of light without speculating as 
to what light essentially is. A series of phenomena 
now present themselves 
which raise again this 
question of the nature 
of light, and at the 
same time aftbrd the 
means of answering it. 

Let two mirrors, A B and 
B G (fig. 133), be made 
of black glass and be so 
placed as to irfeet at the 
vertical slit, J?, the one, 

B Cy being permanently 
fixed in a wooden frame 
(Holzklotzchen) which can be moved along a ver- 
tical rod and fastened by a wooden screw T, whilst the 
other, A By is revolvable by means of the screw 8 around 
the angle B by means of the Jiinge attached to it. The 
moveable mirror is to be placed in such a position that 


Fig. 133. 



Fresnel’s mirror. 
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its plane forms a very obtuse angle (not differing much 
from 180®) with that of the fixed mirror. 

A sharply defined point of light is required, and may 
be obtained by letting the solar rays proceeding from a 
Heliostat fall upon a lens (fig. 134) of short focal 
distance, which unites them into a focus P/ The 
luminous point P emits rays which strike both mirrors ; 
from the mirror A B they are so reflected that they 

Fig. 1:{4. 



FresnelV mirroi experiment. 

appear as if they came from the image-point M of this 
mirror. The mirror P 0, on the other hai>d, reflects the 
rays as if they proceeded fi-oili its image-point N. In 
order that the two mirrors may each have only one 
reflecting surface and have only one image-point, they 
must be made of black glass or of metal. 

From these mirrors two cones of light M mm' and 
Nnn' are obtained, which appear to proceed from the 
points M find N. They have the sptce Bmn (shaded 
in the figure) common to both, so that the field between 
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m aftd n upon the screen mf ti situated in the path of 
the/T reflected ray receives light simultaneously from 
the two cones of light. In this middle area a series of 
vertical darh lines are perceived, but if one of the glasses 
be covered the lines immediately vanish and the area 
which how receives only the light from the opposite 
mirror appears to be uniformly illuminated throughout 
its whole extent. The lines however immediately 
reappear if the cov'er be removed, and to the light 
proceeding to the screen from the point M is added 
that also which proceeds from the point N, 

It has thus been demonstrated that li^ht added to 
light may, under certain circumstances ^ cause darkness. 

If by turning the screw 8 (fig. 138) the angle of 
the two mirrors be made less obtuse, the lines become 
narrower and closer together till they ultimately become 
so fine that they can no longer be distinguished. 
Hence to render the lines distinctly perceptible the 
angle between the two mirrors must be very obtuse, or 
what comes to the same thing, the mirror images il/ 
and JV must be very closely approximated. 

Instead of making the experiment with a screen so 
t>iat many can see it at the same time, any individual 
may observe it directly by making his retina take the 
place of the screen. This subjective method of observa- 
tion has the advantage that»a feeble source of light may 
be employed and then, if the homogeneous light of 
the Sodium flame be used, the entire field of vision may 
be observed to be filled with numerous vertical and 
completely black lines. 

88. The just-described mirror experiment of Fres- 
nel, named after she genial physicist who conceived 
it, teaches that light combined with light may, under 

r 
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certain circumstances, produce darkness. What 
must be understood by the term ‘ light,^ to enable i. 
apparent paradox to be explained ? 

This much is certain, that every luminous body 
must be regarded as the seat of a motion which is by 
some means propagated to our optic nerves and 'arouses 
in them the sensation of brightness. 

Two modes, however, are only known in which move-' 
meiit may be propagated from oi/e point of space to 
another. 

The first mode is the imniedmte transfereiice of motion 
in which the moved body itself or parts of the same 
traverse the space between the two points, as when a 
cannon ball flies to its goal from the cannon. 

The second mode of transference takes place metZi- 
atdy through an elastic medium intervening between 
the two points, in which medium the body originally 
in motion excites a vibratory movement that is propa- 
gated from particle to particle, it may be to a great 
distance, without a particle of the originally moving 
body itself or any portion of the propagating medium 
moving from its original position to any considerable 
extent. This process is called undulatory movement. 

As an example of the former, the sense of smell 
may be taken, which is excited by ilie immediate 
transference of particles of ^ the odorous material to the 
olfactory organ. If a flask containing some ammo- 
niacal gas, which is colourless, be opened, those near* 
it quickly perceive the stimulating odour of the gas, 
whilst it is only perceived by those who are more 
distant after the lapse of some time. It would be easy 
to demonstrate by appropriate tests the presence of 
particles of ammonia even in the furthest corner of » 
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The smell is perceived still more strongly if a 
^^Jond flask be opened, so that the number of particles 
of ammonia present in the air is increased ; it would, 
however, be needless to do this, since all must be satisfied 
that the sense of smell is excited by particles of th^* 
odorous material which come into direct contact with 
the olfactory organ, and that by increase of the effective 
particles alone can the intensity of the sensation be 
augmented. 

Another of our senses, hearing, on the other hand, 
receives its impressions through the second mode of 
propagation, sincje every resounding body puts the air 
around it into undulatory movement. 1 f a bell be struck 
its sound is heard simultaneously with the blow. The 
blow makes the bell vibrate, that is to say, causes its 
particles to nialce rapid to and fro movements or vibra- 
tions which are felt by the hand in contact with it as 
a trembling. The vibration commnnicates itself in the 
first instance to the particles of air in immediate 
contact with the bell, and as tbeso move to and fro in 
the same rapid manner they produce the same effect 
upon the particles of the next adjacent layer of air as 
the bell itself, and set them in motion. In this way the 
vibratory movement is propagated with great rapidity 
from one layer, of air to another, and finally, on reach- 
ing the ear, excites in the auditory nerve the sensation 
of sound. But it is certain that neither particles of the 
•bell itself, nor even particles of the air immediately 
surrounding the bell, penetrate tbe ear ; if they did, as 
sound travels at the rate of 1,116 feet in the second, 
they would strike on the tympanum with a velocity 
exceeding that of the most violent hurricane. An 
extremely simple experiment may now be considered. 
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whicli may be shown with two perfectly similar organ- 
pipes standing on a wind-chest common to both. If 
each pipe be made to speak sejiarately both will give 
precisely the same fundamental note. If, now, both 
pipes be sounded together, exactly the opposite occiirs 
to what might be expected ; instead of the funddimental 
note being increased in intensity it is remarkably 
weakened, so much sp, indeed, that at a little distance 
from the pipes the fundamental* note is no longer 
audible. 

From this circumstance the same conclusion is 
drawn in regard to sound, which unquestionably con- 
sists in an undulatory movement, as was done in the 
case of the light in the mirror experiment of Fresnel, 
name I}", that sound added to sound maijy under certain 
circumstancesy produce silence. 

89. Througli which of the two possible modes of 
propagation does the movement that we call ‘ light ’ 
spread ? Are our eyes when we look at the sun struck 
by particles of a luminous material uninterruptedly 
emitted by that luminous body ‘P Or do the rays of 
light consist of a vibratory movement which strikes 
upon our retina in the form of minute waves — in other 
words, is tte process of seeing analogous to that of 
smelling or of hearing ? , 

The choice between these two modes of explaining 
the phenomena, after what has been said, cannot be 
difficult. On the supposition of there being a luminous^ 
substance (emission theory), the fact that light super- 
added to light can produce darkness is wholly in- 
explicable. On the other hand, a case has been cited 
in which an undulatory movement dso-operating with a 
similar undulation produces such an effect, and we shall 
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fiee immediately that this follows necessarily from the 
very nature of undulatory movement. It will, more- 
over, be seen that the admission of luminous waves 
(undulatory theory) gives a perfectly satisfactory 
explanation, not only of the phenomena in question, 
but of the great majority of the phenomena of light, 
and is opposed to none of them, whilst the conception 
of a luminous mther or substance has long been negatived 
by facts. * 

As the vi(jw that light is itself a material substance 
is set aside, and it is regarded as an undulatory 
mcrvemeiit, it becomes necessary to admit the existence 
of a material in which the waves of light can propagate 
themselves. The air, in which the waves of sound 
spread, cannot be coiiicidently the carrier of luminous 
waves, for it only forms a thin investment around ou»* 
earth, and perhaps other heavenly bodies ; whilst hi 
the immeasurable depths of space through which the 
light of the sun and the fixed stars reaches us no air ip 
present. It must therefore be admitted that the 
universe is filled with an elastic material which is so 
rarefied that it opposes no appreciable resistance to the 
movement of the celestial bodies. This attenuated 
elastic matter is called ‘.^ther.’ 

90. The waves of water afford an excellent repre- 
sentation of the phenomena of wave-movement. If a 
stone be thrown into water at rest a circular depression 
.forms around the point struck which spreads wider and 
wider with uniform velocity. In the meanwhile an 
elevation has formed at the point where the stone 
entering the water had originally caused a depression ; 
then as this sinks l^ack to its original level it produces 
a wall-like circular elevation around it, which follows 
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up the preceding circular depression with equal velocitj. 
Whilst the fluid continues its up-and-down movement 
at the point struck, fresh alternately depressed and 
elevated wave rings appear to proceed from this middle 
point, or, as it is customary to call them, wave eleva- 
tions (crests) and depressions (sinuses) (Wellen thaler 
and Wellenberge), arc formed, which, owing to their 
constantly spreading more and more widely give the 
illusory appearance of the fluid sVreaining out on a.ll 
sides from the middle point. 

That no such streaming movement does really occur 
may easily be demonstrated by observing any small 
object accideidially floating on the water, as for example? 
a piece of wood. Tliis, as the crests and sinuses of 
the waves spread beneath it, merely rises and falls 
without materially changing its original position, 
making the oscillation of tlie^ particles of water imme- 
diately beneaih it apparent. 

The cause of the w;iV(jg of water is the force of 
gravity which is exerted after each disturbance of the 
equilibrium to X'csiorc the fluid to its original horizontal 
plane. Whilst the pari^iclos of the water first struck 
and depressed by the stone are soon again compelled to 
rise, they ob'iige nt the same time the easily moveable 
adjoining particles to dc'seend in order that the depres- 
sion which was formed may be again filled up. As 
every particle begins to fall somewhat later than the 
immediately anh^cedent one, a circular wave-depression • 
spreads round the central point of excitation, which 
attains its full development at ihe moment in which 
the particle struck in its ascending movement has 
again attained its original level. It# does not however 
here com‘e to rest, but continues its movement upwards 
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jibove the horizontal plane of the water until the force 
of gravity acting in opposition has exhausted its up- 
ward directed velocit}', and it swings back again to the 
level. In the meanwhile the neighbouring particles, 
which exactly imitate the undulating movement of the 
first disturbed particles in the same period of time, 
form a wave-crest wliich is fully developed at the 
moment in which the first partich^s liave again reached 
the plane in their descending movement. 

And now, when the jiarticle first excited has com- 
pleted one entire vihration^ and is, as at the com- 
mencement of its movement, again about to leave its 
IKisition of equilibrium in order to descend, it has 
around it a comjpleie vmvc, consisting of a wave dej^res- 
sion and a wave crest. This wave as it spreads produces 
the second to-and-fro jnovement of each particle, and 
every subsequent complete wave acts in a similar 
manner, and as the new waves immediately follow 
those antecedent to them, a circular system of waves is 
dciveloped around the central point of excitation. 

91. Every straight line drawn from the middle point 
of a sj'stem of weaves upon the surface of the water 
regarded as horizontal is termed a wave ray. All par- 
ticles of water which when at rest lie on this straight 
line are now elevated, now depressed, according to 
whether they for the moment belong to a wave crest 
or a wave depression, and form therefore in their serial 
succession an ascending and descending sinuous line. 
Such a wave-line^ gi’anting that the particles rise and 
fall perpendicularly to the ray A B, is represented in 
fig. 135. That portion of a ray which is included in a 
complete wave, tlnit is to say, which includes a wave 
crest and a wave depression, or any portion of it equal 
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to this, is called a wave-length. In the figure we have for 
example between A and B three complete wave-lengths, 
and one wave-length between b and c, and between c 
and d. Those particles which in any ray are separated 
from one another one or several complete wave-lengths. 


Fig. is.*?. 


TJndulacory ray. 


are at any moment of time in exactly the same condition 
of undulation, their movements are in perfect accordance 
with each other. The particles V c' and d\ for example, 
which are distant from one another one or two wave- 
lengths, have all three arrived at their greatest height, 
and are about to descend. Moreover, the particles A 
and B, the distance between which includes three wa.ve- 
lengths, are both in the act of descending through their 
position of equilibrium. 

The particles V aiKl f on the other hand, which are 
distant from each other a half wave-length^ are in just 
the opposite conditions of vibration. For whilst the 
former is beginning to fall from its highest position, 
the latter is just about to rise from its lowest position. 
The same relation occurs between the particles f' and d', 
which are distant from each other three half wave- 
lengths. Speaking generally, it is clear that the move- 
ments of two particles the distance between which is 
an unequal multiple of a half wave-length are directly 
opposed. * 
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CHAPTEll XVI. 

PRTTfCIPLE OP INTERFERENCE. • CONSEQUENCES OP 

Fresnel’s experiment. 

92. What happens if two wave-systems meet on 
the same fluid surface P 

If from a vessel held above a flat pan containing 
mercury two fine streams of mercury are allowed to fall, 
each produces around the point where it strikes the 
surface of the fluid a circular system of waves. As the 
two wave-systems decussate they divide the surface into 
a regular network of small elevations and depressions, 
a representation of which is attempted in fig. 136. 

If the light of the sun or of the electric lamp be 
allowed to fall upon the surface of the mercury, the 
rcdlexion upon a screen will also furnish a representation 
of this delicate phenomenon. 

It is not diflicult to exjdain the effects observed. 
At all points yvhere two wave crests meet, the surface 
of the fluid, if the two waves are equal, rises to twice 
the height, and where two depressions meet it sinks 
to double the depth. At those points on the contrary 
where a wave crest is cut by a sinus, the upheaving and 
depressing forces are in equilibrium, and the fluid re- 
mains at rest at its original level. 

In a fluid set* in motion by two or more equal or 
unequal wave systems, every particle, spf^akmg gene- 
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rally, undergoes a change of place, which is the sum of 
all the movements impressed upon it by the several 
systems of waves at the same moment. Of course, by the 

Fig. 136. 



InttTfiirencc of two systems of waves. 


word ^ sum ’ the so-called ahjehraic sum is meant, that 
is to say, the elevations are regarded as positive, the 
depressions as negative values. 

In other words, it may be said that every wave 
System superimposes itself upon, or adds itself to, a 
surface already moved by waves, as it would do were it 
acting alone on the surface at rest. Every wave system 
forms itself unhindered by those already present, and 
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spreads after it lias crossed these upon the still quies- 
cent surface of the water as il‘ it had suffered no inter- 
ruption. We see, for example, the slight wave rings 
excited by the falling rain drops form on the larger 
waves raised by a steamboat jujfi as well as upon the sea 
at rest* It may be observed again that these waves, 
Avhen they traverse an area rippled by the breeze, take 
the small waves on thtdr bacV, and having passed 
beyond this region* leave these last behind with their 
original form unaltered. 

The important law’ just laid down, to which the 
processes taking place in iho co-operation or inter- 
(erencc of two or several systems of waves are subjected, 
is termed ‘ the prindide of interference,^ 

93. Eeturniiig to the sim[)lest case of interference 
of two equal systems of waves represented in fig. 180, it 
appears that an explanation can be given of the move- 
ment occurring at each point of the surface of the fluid, 
if, instead of the w’^aves thcunselves, the wave rays are 
kept in view. If we consider, for example, the points 
5 . . . . r/ lying along the wall of, the vessel, the two 
rays whic'h may be <?oneeived as drawn from the two 
middle points of the excithig cause of them to the 
central x>oint 0 are equal to each other in length ; the 
oscillating mi)venieiits which i)roceed simultaneously 
IVom each of these centres mieet therefore in the point 0 
under equal conditions and ju'oduce the greatest pos- 
sible efiect. In the laterally situated point 1, on the 
other hand, two rays meet which are about half a 
wave different ; the forces which they exert upon the 
point are therefore equal and opi> 08 ite ; the point 
consequently rem«,ins at rest. The same occurs at 3 
and 5, where the difference between the rays cor- 
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responds respectively to 3 half and 5 half wave-lengths. 
At the points 2 and 4, on the contrary, where the rays 
respectively differ one or two entire wave-lengths, and 
thus meet under equal conditions of oscillation, the 
liveliest movement takes place. The intervening points 
are maintained in less active movement by pairs of 
rays of all possible degrees of accordance and opposi- 
lion. 

The points 1 , 3, 5, ... . 1', 3', 5' J . . . thus remain at 
rest under the action of the two systems of waves. 
That which in waves of fluid is rest, is in waves of 
sound silence, and in waves of light darkness. 

It is scarcely necessary to expressly mention her^ 
that this aflbrds a complete explanation of Fresnel’s 
mirror experiment, and that fig. 136 is a sketch of it. 
If, for example, the two points of light j)roduced by the 
mirrors M and N (fig. 134) be regarded as centres of 
origin of light waves, and the wall 5' .... 5 as the 
screen for receiving them; and if it be further con- 
sidered that the waves of light expand, not only circu- 
larly in one plane, but like a sphere into the suiTound- 
ing ccther, it will be understood that, in consequtmee of 
the interference of the two systems of waves, vertical 
dark lines mhst appear at the points 1, 3, 5 .... 1', 3', 
S', and bright stria3 at the points 2, 4 . . • 2', 4'. 

But why, it may perhaps b^; now asked, should the two 
points of light be employed in a roundabout way after 
their reflexion in the two mirrors ? W ould it not be 
simpler to put aside the mirrors, and use, instead of the 
images M Sind N thrown by them, two luminous points 
like the points of a glowing platinum wire? The 
answer to this question is obtained from the fact that 
the two ^ave systems, in order that they should pro- 
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duce dark lines in the given points of the screen, must 
proceed simultaneously, and in a precisely similar 
manner, from the two luminous points. But we are 
unable so to conduct the process of light production in 
two luminous bodies, or even in two points of a single 
lumindhs body, as to make the undulating movement 
proceeding from one exactly accordant with that of the 
other ; in each of them, after a short period, interrup- 
tion of the movemeht, augmentation and diminution of 
the liveliness of the flame, and other disturbances take 
place, which do not occur coincidently in the other. 
Hence the lines of interference are only partially 
formed, and in rapidly changing parts of the screen 
giving to the eye the impression that it is equally and 
uniformly illuminated. Two independent and separate 
luminous points therefore, on account of the inequality 
of these wave systems, present no interference lines. 
The equality required for this purpose is obtained with 
the greatest certainty by making the two wave systems 
spring by mirrors or by any other appropriate means 
from the same source. The irregularities to which the 
process of light production is subjected, whatever may 
be the light used, take place concordantly and simulta- 
neously in both systems of waves, and consequently 
exercise no influence upon the accordance and opposi- 
tion of the rays which a^e now conditioned only by 
their difference of path. 

94. Fresnel’s experiment may now be repeated, 
with this difference, that a red and a blue glass are 
placed alternately before the aperture of the Heliostat. 
It is then seen that with blue light the lines are closer 
together than in the red, that is to say, the correspond- 
ing series of dark lines are in the former case ’hearer to 
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the middle bright lines than in the latter. Two blue 
rays thus require, in order that they may neutralise 
each other, a smaller linear diiFerenco than two red 
ones ; the wave-length of blue light is consegnenlly smaller 
than of red light. * 

If as brilliarit a spectrum as possible be pi\iduced 
by means of a prism, «*iiid its coloured rays be allowed 
to fall successively upon the lens L 1»‘54-), and con- 
sequently on the mirror, we find* that the distance 
betw(^on the lines, and consequently the wave-lengths, 
become progressively smaller in passing from the red to 
the violet. This affords an explanation of the reason 
why, when white light is employed, the lines are not 
alternately black and white, but colour(‘d. The middle 
bright lines, in which all colours are mingled in their 
highest intensity, are (‘oinpletely white, but towards 
the sides first the viol(‘t fades out, and then in succes- 
sion the several colours from the most towards the 
least refrangible. The consequence of this is that the 
middle bright lines towards the intoi-ior are edged with 
yellow, and towards the exterior with red ; at the point 
where the brightest colour, yellow, disa2)pea.rs, the first 
dark line is seen, which, however, since the violet has 
here again become stronger, exhibits a faint y\o\ei tint. 
Then follow white, yellowish red, violet, to the second 
dark line, which is blue. Then come green, yellow, 
red, bluish-green ; still further on a few alternations of 
red and bluish-green occur, and very soon, inasmuch 
as the lines of various colours mingle*, only a uniform 
white remains. White light therefore gives only a few 
lines, which as we pass outwards constantly become more 
and more indistinct ; when homogeneouR light is used. 
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on the other hand, the dark lines are completely black, 
and are present in great numbers. 

Fresnel’s experiment, however, not only shows 
broadly that there arc differences in the lengths of the 
waves, but it enables us Ia) measure these differences. 

If^' for example, the length of the rays proceeding 
from the luminous points towards the first black lines 
be obtained, which can be done with sufficient accuracy, 
their difference mdst be equal to half the wave-lengths 
of the homogeneous light employeil. In the lines of 
higher order which correspond to the differences of 
path of d, 5, 7, etc. half wave-lengths, the measure- 
ment can bo repeated with the accuracy required. 
Fresnel made these measurements for light which had 
traversed red glass, and found the wave-length of this 
red light equal to GB8 millionths of a millimeter. 

A method will hereafter be shown by which the 
wave-lengths may be determined with still greater 
accuracy and lor definite rays (for the Fraunhofer’s 
lines). A conception of the extraordinary smallness 
of the waves of liglit may be obtained from the state- 
ment that in the length of one millimeter there are 
1,315 waves of the extreme red (line A), 1,698 waves of 
the yellow light of Sodium (line D), and '2,542 waves 
of the extremjj violet (line Tfg)* 

95. It is well known that if the 2 >erformance of a piece 
of music be listened to at various distances, the same 
' accordance in the notes, the same harmony, is always 
perceived ; the high and the deep notes which fall in 
the same beat reach our ears in all cases simultaneously. 
The conclusion from this is that all tones, whether high 
or low, strong or feeble, are propagated through the air 
with equal rapidity. The rapidity of propagation of 
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sound, that is, the distance to which the vibratorj^ 
movement of a resounding body spreads in the air in 
a second, is estimated at 340 metres (1115-4 feet). 

But, as has been already shown, a complete wave 
originates with each eiltire vibration ; every sounding 
body will therefore produce as many successive ' sound 
waves in a second as the number of its vibrations in a 
second, and since the sound in this period of time has 
spread over a distance of 340 metrds, the total length 
of the sound waves excited in one second must amount 
to 340 metres. The wave-length of a tone is conse- 
quently obtained by dividing the rapidity of propaga-- 
tion (340m.) by the number of its vibrations. The 
wave-length of the tone of an A tuning fork, which 
makes 440 vibrations in a second, is thus found to be 
equal to 773 millimeters. The wave-length of every 
movement the rapidity of propagation of which is 
known to us, may in this way bo deduced from the 
number of vibrations, and of course also, conversely, 
from the wave-length the number of vibrations. 

The rapidity of propagation of light is so enormously 
great that even at a distance of 60 miles, which is as 
far as terrestrial signals will reach, no difference of 
time can be 6bserved between the moment of emission 
and of arrival. The velocity of light Ijas, however, 
been measured by means of ^istronomical observations, 
and more recently by physical experiments. An 
account of the ingenious methods by which this has 
been accomplished cannot be here appropriately in- 
troduced. It is only requisite to state that the concor- 
dant results of all measurements show that the light 
both of celestial bodies as well as that, proceeding from 
terrestriaf sources, traverses a distance of about 186,000 
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miles a se(ioiid. Some observations by Arago,* and espe- 
cially also reasons which are theoretically deduced from 
the nature of undulatory movements, justify us in admit- 
iinf^ that the rapidity of propayatUm of every hind of 
Jiylity whatever may he Us colour and brightness^ iSy in the 
free adher of the universe^ alike. 

The wave-lenj^ths of the homogeneous kinds of 
light, as well as their rapidity of propagation, being 
now known, the nainber of their vibrations can be 
determined with facility. This is expressed by the 
number of wave-lengths which are contained in the 
length of 180,000 miles. The extreme red line (A), 
l,dl5 of the waves of which occur in a millimeter, 
are thus found to have the prodigious numbcir ot 
‘d04, 500000, OOOOiX), or in round numbers, 395 billions 
of vibrations in a second. The shorter the wave-length 
the greatiCr must be the number of vibrations ; in a ray 
of yellow Sodium light every particle of aether makes 
509 billions of vibrations in a second, and the extreme 
violet line {Hf) corresponds to a number of vibrations 
amounting to 763 billions. 

A musical note appears to our ears higher in pitch 
the greater the number ot its vibrations in a given time ; 
and just as the car perceives the rapidity of the vibra*- 

♦ If light of different colours travelled with different velocity, a white 
star whicli became suddenly visible 'irould be seen by an observer at a dis- 
tance of that colour in the first iustjuico which propagates itself with the 
, jrejitost velocity, and then of a succession of mixed colours till it by degrejis 
htxuimo white. If it then- again disappejired it would pass througli a similar 
series of colours in inverse order till it dissolved into the slowest- moving 
colour. Similar phenomena w'ould bo exhibited by the variable stars, espe- 
cially if their period were short, and there were a considerable difference 
between their greatest and least brightness. Arago undertook a series of 
observations in regard to 'Algol in Perseus, which fulfils these conditions, 
but could perceive no change of colour. 
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tions of sound as pitch of sound, so does the eye per- 
coive the frequency of the undulations of light as colour. 
Thus for the sensation of yellow characterising the 
Sodium flame to ho produced in our minds 509 billions 
of aether, neither mor^ nor less, must enter the eye 
and strike the retina. Spcahituj (jencralUj^ the cdlour of 
every homogeneous ray of light Is determined exclusively 
by the number of Us vibrations ; the number of vibrations 
is the objective characteristic of that which we perceive 
subjectively as colour. The succession of colours in 
the spectrum is consequently to be regarded as a scale 
which rises from the lowest tone x)ercex)tible to our eye, 
the extn'mc red, to the highest, the extreme violet. 
Antecedent to the commencement of the visible scale 
in the red, are the deeper ultra-red tones, the vibrations 
of which are too slow to excite the sensation of light 
in our optic nerves, and at the otlier extremity are to 
be added on as Jiighcst tones the ultra-violet which pro- 
duce only an extremely feeble impression of light in 
our eyes. 

90. It is now requisite that close attention should 
be i)aid to a chaiji of* reasoning that will here be offered 
in regard to a few experinKuits of the simplest kind. 

A close wound spiral coil which hangs vertically in 
front of a scale divided into centimeters carries at 

c 

its lower end a plain brass bidl. The lowest part of the 
ball lias a little hook. On attaching to this a weight 
of 100 grammes the elastic coil at once becomes elon- 
gated and the brass ball descends two centimeters. With 
a weight of 200 grammes the elongation is twice as 
much, or four centimeters, and three times the weight 
again produces three times the amoq,nt of elongation. 

Thus it appears that the force which must be applied 
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to move the ball from its original position in opposi- 
tion to the elasticity of the wire increases in the same 
ratio as the amount of displacement effected. 

Let the weights be now removed and when the ball 
has returned to its original position, let it be pressed down 
with the lingers about two centimeters ; then inasmuch 
a.s it is kept in this position, the pressure downwards 
cjxerted must be identical with the w(uglit of IOC 
grammes, which vfas before necessary to effect tliis 
elongation, and when the ball is sel- free it returns with 
this force to its position of efiuilihrium. 

When, however, it lias reachc‘d the position of equi- 
librium it does not at once come to rest, but continiKJS 
to j^t^rform upward and downward movements wliicli 
arc slow enough to permit them to be (*oun(ed. If the 
ball be now depressed to the extent of 4 centimeters, 
and then be set at liberty, it has twice as far to go from 
its extreme point to the position of (‘quilibrium, or 
the extent (or iimplitude) of its vibration is now doubled. 
If its vibrations are now counted the same numher oj 
vibrations will be found as in tlie former case, for since 
not only the sj^aee traversed but alsf> the expression of 
force of the tense spiral wire has now been doubled, 
the greater space must be traversed iff the same 
time. Nor is^aiiy alteration observable in the number 
of vibrations when the bulJ^ is drawjj down to the extent 
of 6 centimeters from its position of rest, although the 
amplitude of its vibration is increased tlireefold. 

From this it appears that the number of vibrations 
is dependent exclusively upon the nature of the vibrat- 
ing body — upon its internal forces, if we may so speak, 
— ^but in no way r^pon the amount of the extei'nal force 
applied to it; the amount of force applied to il finds its 
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expression in the amplitude of the vibration. When the 
ball is depressed four centimeters, the hand has not only 
to exercise twice as much force, but it has to traverse 
twice the distance that it has when it is only depressed 
two centimeters. The work which must be performed 
to overcome the elastic force of the wire in the former 
case is therefore four times as great as in the latter, 
and if witli three times the force the ball be moved over 
three times the space,* nine times the amount of force 
used ill the first instance has to be applied. When the 
hand is removed the work performed by it is transferred 
to tlie ball, and expresses itself in the energy of its 
vibrating movements. By virtue of this energy the 
ball, until it comes to rest, performs the same amount of 
work which w^as applied to it to set it in movement. 

From these considerations it results that the energy 
of the vibrating movement is proportional to the square 
ol* the amplitude of the vibrations. 

The facts taught by the vibrating ball are applicable 
alike to the vibrations of sound and of light. The tint 
of colour is de^iendent on the frequency ; the intensity (or 
energy) of light on the liveliness of the vibrations. Whilst 
the former depend on the number of the vibrations, the 
latter are measured by the square of the amplitude of 
the vibrations. 
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CHArTEE XVIL 

nUYiGHElvS’ PBllJCIPLE. 

97. ‘ Light consists of a very minute vibrating mov'^- 
niont of an elastic medium, wbich is propagated with 
great rapidity, but not instantaneously, in straight 
lines that proceed like the radii of a sphere from a 
central point common to all.’ 

Hooke,* tlic accompli silted friend and countryman 
of Newton, who wrote the date 1G()4 under tliese words, 
may be regairded as the first who clearly seized and 
expressed the fundamental idea of the doctrine of 
luminous waves. Nevertheless he did not advance so 
far as to explain the ndraction of light by undulatory 
movement; and he failed beca]jse this fundamental 
idea, in order to be applicable to all the phenomena of 
light, required still a very important addition to com- 
plete and perfect it. It was reserved for Hooke’s genial 
contemporarj;, Hnyghens,t to fill this hiatus, and to 
become the real founder •of the undulatory theorj’’ of 
light. 

The theory of Iluyghens, so named to do honour to 
its discoverer, is in fact the egg of Columbus, a simple 
solution of many complex and enigmatical phenomena, 
and whilst an attempt is here made to render it intel- 

^ MitTOjjrapJiia^ Obsorvat. bt. 
t Traciatm de Lumvie, 1690. 
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ligible, no very great strain will be exerted on ordinary 
powers of imagination. When an nndulatory move- 
ment propagates itself through an 
elastic medium, every particle imi- 
tates the movement of the i)article 
first excited. But evei'y particlt^ 
stands in regard to the adjoining 
opes in exactly the same relation 
that the first particle did to its 
neighbours, and consequently must 
exert upon those that surround 
it exactly the same iiilluence as 
the first. Evanj vibrating particle 
is therpfore to be regarded as if it were 
the origmalhf excited particle of a 
leave sgstem ; and as the innumerable 
and simultaneous ‘ elementary * wave systems co-^operate 
with one another at each instant in accordance with the jtrin^ 
clple of interference^ we obtain exactly that ^principal 
wave system ’ by which the elastic medium appears at any 
moment to be m.ovcd. 

If, for example, all points of the circular or sphen- 
cal wave B Q (fig. 187) which take origin from the 
centre of disturbance A bo regarded as new centres of 
disturbance, after a little while an innumerable series 
of elementary waves of equal size will have formed 
around them, which are represented in the figure by 
small arcs. The circle B' C' described around the 
centre A, which all the elementary waves touch at their 
most distant point, represents the extreme limits to 
which the nndulatory movement has in the meanwhile 
been propagated. The state of oscillation which pre- 
viously affected the wave J? 0 is now transferred to the 
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circle B' C", to wLicli all elementary waves reach with 
equal conditions of oscillation. The wave B C has tlius 
]>ropagated itself by means of the elementary waves in 
the same form and with the same rapidity to B' as 
if it ])roceeded directly from the original point of dis- 
turbance A. 

The same result is thus obtained whether we admit 
a direct i)ropa<^ation of a singly wave centre outwards, 
or an indirect ])ropa<^ation (*ifected by innumerable 
elementary waves. Neverih<dess the two modes of 
('xplanation are a^senUallij dillerent, and the latter is 
aloin^ true to 'nalurr, for it alone ^ives the requisite 
considerfition t<j the various relations that occur betvveiui 
the particles of an elastic medium. The former more 
simple mode of exidanation may, however, be admitted 
if, as in the pr(‘ee(lin<^ Chapter, we are dealiu^^ with 
those characters of wave movement which are coniinon 
to both methods of propagation. As long as a wave 
movement is propagated without disturbance, the ele- 
mentary waves withdraw themselves from observation 
l)ecaus(j they proce(*d by their ^*,o-(^X'ration to produce the 
chief wav<*s. They immediately appear indei)eiidently, 
however, if their adjoining Avaves are in any Avay su])- 
pressed. If, for example (in fig. 137), Ihe wave //(’ 
proceeding from A jiasses through the opening B C of a 
screen, it continues its course undisturbed between the 
two marginal rays A B and A 0, whilst the elementary 
Avaves proceedii^g from their points between B and C 
combine in the manner ahoA'^e described to form tlie 
chief wave B' C\ The elementary Avavos B' ^ and 
(7 a proceeding from the marginal points B and C 
remain partially isolated, and transfer a inovement 
wdiich, in comj^arison with the main Avave, is, as may be 
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supposed, very feeble, into those lateral spaces B' B 8 
and CGSy which are protected from the main wave. 

Phenomena of light wiU soon be referred to which 
are caused by a similar lateral expansion of elementary 
waves. Some further cbnsideration must however still 
be given to the behaviour of the principal wave. 

98. The chief wave proceeding from the combined 
action of the elementary waves spreads itself, as has 
been seen, around a luminous point *in a concave sphere 
just as if the propagation took place directly from this 
j>oint. Both modes of explanation permit us equally to 
explain the laoveincnt of light as a rectilinear radiation 
from a centre. Careful consideration however shows 
that there is an essential difference between the two 
views. Whilst, on the older theory, a direct propagation 
along a single straight line, that is, the possibility of 
an isolated ray of light, was accepted; on the other 
theory in view of the action which every particle of 
icthcr exercises upon the adjoining ones, the cMstmce of 
an isolated ray of light is inconceivahle. 

JN^evertlieless a ray of light may bo conceived as 
tlie expression of the direction in which the small 
portion of wave belonging to it lying upon the surface 
of the sphere is propagated. Speaking generally, the 
wave itself or parts of the same, must constantly be kept 
in view if it be desired to draw any conclusions on the 
laws of the phenomena of light. 

However small a portion of the wave surface may 
be represented, it contains innumerable rays, which 
collectively form a heam^ or fasciculus of rays (Strah- 
lenblindcl). In point of fact, in optical experiments 
individual rays of light are never dealt with, but always 
beams. 
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The statgnents formerly made on the supposition of 
the existence of individual rays of light, however, 
lose none of their force through the dilterent concep- 
tion just gained. They still remain perfectly accurate, 
even when each ^ray of lighff’ is regarded as only 
the ref)resontative of the very tliin beam to which 
it belongs. 

In free cether, as well as genoYally in every medium 
in which the undulations of light propagate themselves 
spherically with equal velocity, every ray is a radius 
perpendicular to the wave segment corresponding to 
it. If we imagine the wave segment to be very small 
or very remote from the centre of the si)here, the 
perpendicular rays falling upon it may be regarded as 
parallel to each other, and the wave segments themselve's 
as plane. Speaking generally, every fasciculus of 
parallel rays is propagated by j^lane waves which are 
perpendicular to the direction of the radiiition. 

99. Now that by means of Iluyghens’ theory we 
have given an explanation of the real mechanism of 
undulatory movement, we shall pr^ccjcd to inquire what 
liappens when a wave of light reaches the plane surface 
of junction of two diiieront media, as for example a 
surface of wa ter at rest. 

In lig. 13S a h rei)rescnts a plane portion of an 
undula-tion, and AaBV the parallel fasciculus of rays 
con*esponding to it. As the wave moves onwards towards 
•the surface M JY, the pai*ticles of mther between a and V 
gradually become affected by the movement; every 
point struck becomes, in accordance with the theory of 
. Huyghens, itself a centre of disturbance, and sends 
forth an elementary wave into the first medium (tlje air) 
as well as into the second. 
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Lot us now consider in the next place the elementary 
waves returning into the first medium. 

At the instant at which the point b' is reached by the 
undulatory iiiovenient, an elementary wave has formed 
around the point originally disturbed, a, the radius 
of which must be equal to the line b //, to which extent 
the chief or principal wave has in the meanwhile pro- 
gressed; tliis elemeniary wave is indicated in the figure 
at c by an arc described from the point a. In like manner 
the points ljin<>f between a and h' have produced ele- 
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mentary waves the radii of which are smaller in propor- 
tion as th(rj are nearer to the point ?/ which is still at 
rest. If from ?/ the tangent h' c be drawn to the first 
elementary wave, it touches also all the other elementary 
waves, and consequently represents the principal wave 
which results fi’om th(3 co-operation of all the elemen-f 
tary waves. This wave ?/ c, wdiich is reflected in the 
direction of the fasciculus a Cb'D into the first medium, 
forms with MN the angle ct'a, which is obviously equal 
to the angle b a V of the ^ incident ’ wave. If at a upon 
the limiting plane M N the perpendicular a Z, the ‘ per- 
pendicular of incidence,’ be raised, the angle A a ly which 
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tlie incident ray A a forms with the same, is equal to the 
aThf^le haU which the wave corresponding to it fonns witli 
V Ny and the same holds good for the reflected ray a C, 
Tho amjle of reflexion is Urns always equal to the angle of 
incidence. We see therefore tlAit the law of reflexion 
is a necessary consequence of the undulatory tlieory. 

Jlut elenicmtary waves also penetrate into the second 
medium from Uie point of the surface disturbed, though 
the rai>idity of propa|^ation is dillerent fi-om that in the 
first medium. The elementary wave proceeding from 
the point a. must therefore .at the insfca.nt in which the 
ifuiidtait wave reaches the point /f, possess a radius a, e 
which stands in tlie same reflation to tho radius a c 
(= hb') of the wave reflecied from this point into the 
first medium, that the rapidity of i>ropagation of the 
light in the second does to that in the first medium. 
Ill the figure a c is smaller than h ?/, that is, the 
rapidity iii the second medium is taken as being 
smaller than in the first. As the tangent 1/ e drawn 
from ¥ to this first elementary wave touches also 
all the other liitherto formed elenientar}" waves, an<l 
consequently includes these movements in itself, it 
represents the plane princij)al wave penetrating into 
the second medium. The direction of the* fa-sciculus 
(lEl/F corresppnding to it is given by the line a e, 
which is drawn from a tf)wafds the point of contact E, 
It is now plidn that the ray a E forms an angle r with 
the perpendicular a Z', which differs from tho angle of 
incidence Z, and in our case is smaller than this. The 
ray A a has conseqmmtly experienced a deflection from 
the perpendicular in its passage from the first into ihe 
second medium. The refracted wave V e forms the 
same angle r with the surface MN. 
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If the particular lino here shown, a h\ be now taken 
as unity, h ¥ is the sine of the angle of incidence ifiid 
a e the sine of the angle of refraction r. The length of 
the line h h' stands in the same ratio to that of a e 
as the rapidity of the propagation of light in the first to 
that in the second medium. This relation is invariable, 
whatever may be the magnitude of the angle of incidence. 
We thus aiTive at the proposition that 

The sine of the angle of mcldehce holds an invariable 
and unalierahle ratio to the angle of refract lorK 

The foregoing statements have, however, not only 
shown that the law of refraction is a. necessary conse- 
quence of the uiidulatory thijory, but they also supply a 
key to the proper signification of this unchangeable 
proportion which we have hitherto designated as the 
‘ index of refraction.’ The indc.r of refraction in the pas- 
sage of light from one medium into another must he equal 
to the relation that the rapidity of propagation of light in 
the first medium hears to its rapidity in the second. 

As the index of refraction from air into water is 
equal to the velocity of light in air as conqiared with 
water must be as 4 : 3. If in the former it amount to 
300,000 kilometers (186,414 miles), it must be one- 
fourth less^in water, namely 225,000 kilometers (130,810 
miles). Speaking generally, it is a iX 3 cessary conse- 
quence of the undulatory theory, that light is propagated 
more slowly through strongly refracting than in feebly 
refracting media. 

It is necessary here to revert for a moment to the 
view, that light is a peculiar kind of matter, notwith- 
standing that this view has been on good grounds set 
aside. On this view refraction is explained by supposing 
that the*^particles of the refracting medium exert an at- 
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traction or influence upon tlie particles of tlie supposed 
luminous substance, and the conclusion is arrived at 
that light propagates itself more rapidly in the strongly 
refracting medium than in the feebler one. The direct 
contradiction which' is presented hy these opposite con- 
clusions* affords an opportunity of finally settling the 
long contest between the material and unduLitorj 
theories of light. Foucault has shown by means of very 
ingenious experimeiifis that light does travel more slowly 
in water than in air. If therefore the reasons formerly 
adduced should still be considered to leave any doubt in 
n'gard to the nature of light, there can now be no ques- 
tion that the undulatory theory must be regarded as 
the only true theory of light. 

100. Before proceeding further an attempt must 
be made to remove another doubt which might arise 
in regard to the considerations from which the law 
of reflexion, as well as that of refraction, have fol- 
lowed. It might be objected, namely, that these con- 
siderations should be applicable if the same substance 
existed below the limiting surface MN ns above; and 
that we should then obtain instead of the refracted ray, 
the rectilinear continuation of the incident, but also 
always reflected ray. * 

Since now in this case the position of the plane 
M N could be imagined anywhere, it would result, in 
opposition to facts, that in a medium of uniform 
nature light could not only propagate itself forwards 
from the source of light, but also from all points back- 
wards, and consequently even backwards against the 
source of light. 

That the rapidij;y of propagation of light in a re- 
fracting medium is smaller than in the surrbuifSlmg 
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air may be explained on the not improbable assumption 
that the jethcr contained in a solid or fluid body pos- 
sesses a greater density tlian that contained in the air, 
or the free eether of space. 

In ord(jr to give some idea of what happens when 
an undiilatory movement aiTivos at tlie limiting line of 
two media of dissimilar density, an analogy may be 
employed. If two ivory balls (fig. 139) be taken, of 
unequal size, hanging by threads and in contact with 
each other, and the smaller ball be raised and allowed to 
fall against the larger, the latter is set in motion in the 
direction of the blow ; the sinaller 
one, on the contrary, rebounds and 
moves in the opposite direction 
to that which it originally had. 
After both balls have again come 
to rest, if the larger ball be raised 
and allowed to sirike the smaller 
one, it will be seen that whilst 
this is driven forw ards the former 
still moves, though more slowly, 
forwards. In both cases then the 
striking ball, after it has parted with a portion of its 
motion, still continues to move. 

Not so if two balls of equal size (fig. 139) be 
made to strike one another. The striking ball now 
remains at rest whilst it transfers the whole of its 
motion to the ball struck, competing this to move 
onwards. 

The transference of motion from a vibrating layer of 
mther to a quiescent one, i.e., the propagation of light, is 
performed under precisely similar laws. If both layers 
are of equal density, and hence of equal mass, the 
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second acquires the entire motion of the first, which 
ijjgelf remains at rest until it again receives a new 
imxmlse from behind, that is to say, from the source of 
light. In one and the same medium therefore no 
backward-moving elementary waves can arise. But if 
ilie deiwsity, and consequently the mass, of the lether 
layer struck be greater or smaller than that of the 
striking layer, the latter retains a portion of its motion 
and gives rise to those backward-going elementary 
waves which combine to form a reflecttnl principal wave. 
From this it is seen that reflexion can only occur at 
the limiting surface of two layc'rs of tether of unequal 
density. 

101. The exx^eriment with unequal balls attracts 
attention to another circumstance which accomx)anies 
the reflexion of luminouH w‘a.viis, namely, that the 
striking ball maintains the direction of its movement, 
or the reverse direction, according to whether its mass 
is greater or snialler than that of the ball struck. In like 
manner the undiilatory uiotion which is retained by the 
last layer of the first medium ajid x^roducc's the reflected 
wave, moves in tlio same or in the bpx)Osite direction to 
the movement of the incident ray, according to whether 
the first medium is more or less dense than the second. 
In reflexion at a denser medium the undulations of 
the reflected ray are directly oxq>osito to those which 
it would make were it the immediate continuation of 
the corresx)onding incident ray. But wc now know 
that in any ray, those x>articles that are distant from 
each other a half wave-length are in opposite conditions 
of movement. If wo therefore imagine the wave line 
(fig. 135) to be pushed back half a wave-length, the 
motion of all the particles becomes reversed. ^The 
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result previously obtained may therefore be expressed 
in the following way : — ^ 

In Tefiexion at the surface of a denser medium the 
reflected ray undergoes a retardation in respect to the 
incident ray of a half wjuve-length. In reflexion at the 
surface of a less dense medium, on the other hg,nd, no 
such retardation occurs. 

102. The velocity of light being smaller in a rc- 
fi'acting medium thaU in air, a ray of light traversing 
a glass plate, for example, must experience a retardation 
in comparison with a ray of light which has travelled 
tlie same distance in air, and this retardation will be 
greater in proportion to the thickness of glass tra- 
versed. 

If we apply this consideration to the rays which 
emanating from a luminous point strike upon a convex 
lens and unite on the other side into a focus, it may 
appear at first sight as if, because they have to traverse 
very different pa.ths, they must strike it with very 
different velocities. But it is not so. They arrive at 
the focal point with equal conditions of undulation just 
as if they had all traversed the same path. If we 
compare any given lateral ray with the axial ray, the 
former has endeed a longer path to ti'averse in the air, 
but a consequently less thickness of glass ; and a more 
exact examination shows that the greater retardation 
which it experiences in the air is completely com- 
pensated for by the smaller retardation in the glass. 

A lens therefore produces no difference of velocity in 
the several rays of a fasciculus^ inasmuch as it unites them 
in a {real or virtual) focus, and allows those differences 
which were originally present to remain unaltered. 

This "is the reason why we observe the lines of 
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Fresnel and c*tlier phenomena of interference snbjec- 
that is to say, through the eye (which is indeed 
nothing but ^an apparatus of lenses) either with or 
wi^^'^mt a le or telescope, without any disturbance 
of phenoiiienon through the action of the lens. 
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CHAPTER XVlIl. 

DISPERSION OF LIGHT. ABSORPTION. 

103. After having acquired a knowledge of the true 
significance of the index of refraction as the relation of 
velocity of propagation in the first to that in the second 
mediiim, it is easy to express the facts of the dispersion 
of colour in the language of the undulatory theory. 
To say that waves of difterent colour undergo an un- 
equal amount of refraction is equivalent to sta.ting 
that in a colour^dispersing medium the various homo- 
geneous kinds of light are propagated with different 
velocities. 

The proposition, that all kinds of light are propagated 
with equal rapidity, which we were formerly compelled 
to admit in regard to the free aether of the universe, is 
thus no loAger admissible for the aether contained in 
the interior and occupying the interstices pf the particles 
of natural substances. 

The action which the particles of a body exert upon 
the undulations of aether propagating themselves in it, 
may be conceived to be dependent on the nature of 
these particles. In very many fluids and solids, espe- 
cially in the colourless and transparent ones, as water, 
glass, &c., the rays produced by more rapid undulations 
are more strongly deflected, that is to say, experience 
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resnel and c,unt of retardation than the rays produced 
^^^7? f^iat is Humber of undulations. Prisms composed 
nothing but ances exhibit a spectrum 'with the ordinary 
^ colours, from the least refrangible red to 
most refrangible violet rays*. The specific nature 
of the substance is however rendered evident even here 
by the different arrangement of the lines of Fraunhofer. 
{See fig. 106.) , 

The dispersion of colour in atmospheric air and 
in gaseous bodies generally is (according to Xetteler) 
so insignificant that we may admit in them, as in 
free setlier, ecpial velocity for all kinds of light, being 
smaller than that of universal space in the proportion 
of 1 : 1 •000204. This number expresses the index of re- 
fraction of a ray of light in its passage from empty space, 
that is to say, sjiaee filled with free uither alone, into 
air at a temperature of 0"^ C. and under 760 millimeters 
pressure. 

The influence of the nature of the material par- 
ticles on the velocity of propagation is remarkably 
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Unnsnid dispersion power of Fuchsin. 

exhibited in coloured substances, especially in those in 
whose absorption spectra one or more very d&.rk^ lines 
appear. If we introduce, for example, an alcoholic 
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solution of the aniliii colour ‘ Fuchsiu ^ into a hollow 
prism (fig. 53) and look tlirough it at a brightly illuitfi- 
nated slit, we obtain a spectrum in which blue and 
violet are less deflected than yellow and red. What is 
elsewhere the end of the spectrum here appears at 
the commoncement, towards the middle it facies, and 
in the centre the green, being absorbed, is absent (fig. 
140). From this behaviour the conclusion may be 
drawn that in Fuchsin the blue and violet rays are 
propagated with greater velocity than the red and 
yellow. 

This phenomenon, which was discovered by Chris- 
tiansen, and was shown by Kundt to be presented by a 
great number of absorbing substances, has been called 
anomalous dispersion of light » 

104. The phenomena of anomalous dispersion 
renders us strongly disposed to the opinion that neither 
the refrangibility nor the length of undulation, but the 
number of vibrations, is to be regarded as the character- 
istic of a homogeneous ray of light. The number of 
undulations by whicl,i the impression of colour perceived 
by our eyes is conditioned does not undergo any altera- 
tion in the passage of light from one medium into another. 
In fact we* observe no change of tint (Tonhbhe) when, 
for example, the yellow light of Sodium passes from air 
into water. 

The length of the wavesy however y d^es undergo a change. 
The wave-length is, it is to be remembered, always 
obtained by dividing the velocity of propagation by 
the number of vibrations. As the latter remains un- 
changed, whilst the velocity of propagation in water is 
only three-fourths of the velocity tin air, the wave- 
length in water can only amount to three-fourths of 
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the wave-length in air. The wave^lm^th of a ray o) 
in any given sfihslance is cornequently obtained by 
dividing the wave-length in air by the index of refraction 
of the svistance itself, 

105. We possess no means of changing the nnmher 
of vibriftions, that is to say, the colour of a homo- 
geneous ray of light. But that such an alteration may 
and docs occur under certain circumstances may now 
be demonstrated. 

The sensation of n dcdiiiiie colour is conditioned by 
the number of waves of letlier that jxmetriite into the 
eye in a second, just as the pitch of a musical note 
(le 2 )ends on tlie number of waves of sound which enter 
Die ear in the same sj^ace of time. As long ago as 
1841 Doppler called atUnition to the fact that the pitch 
of a musical note or the colour of an impression of 
light must be raised or lowered when the resounding 
or luminous body approaclu^s or recedes from the 
observer. In the former case the organ of sense is 
struck in the course of a second by a greah^r, in the 
latter case by a less, nuiriber of w^avfs than if the source 
of light or sound bo stationary. As regards sound the 
truth of the principle of Doppler can easily be deiston- 
strated by experiment ; it is only necessary to allude 
to what may perhaps have been noticed by man 3 \ 
During the passage of a trai/i through a station it may 
be observed that the whistle of a. locomotive becomes 
higher in pitch as it approximates to, and lower in pitch 
as it recedes from the observer than when it is at rest. 
It is impossible, no doubt, make a similar experiment 
ill the case of light, because the greatest velocity we 
ean attain is vanisWngly small in comparison with its 
enormous speed. Nevertheless the possibility of its 
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occurrence in the case of the waves of light cannot 
be doubted. ^ 

Let it be conceived that in free space a sphere of 
glowing Sodium vapour is moving with sufficient velo- 
city towards our earth, its light would appear more green 
than that of a terrestrial Sodium flame, whilst if it 
were receding it would assume a reddish tint. And if 
tliis light fell upon a prism instead of our eye it would 
reach the prism in the former case with a greater and 
in the latter case with a smaller number of undulations 
than that of a Sodium flame at rest, and in correspon- 
dence with this would experience a stronger or w'^eaber 
deflection. Hence it follows that if a spectroscope be 
directed towards the moving source of light the bright 
Sodium line would appear to have changed its position 
and to be advanced towards the more, or towards the 
less refrangible end of the spectrum, according as the 
source of light was approximated to, or made to recede 
from the obsciwer. 

Just as the bright Sodium line in this example 
undergoes a change ,of position, so also, when the fixed 
star moves in the direction of the visual line with 
suffi\?-icnt velocity, do the dark lines in the spectrum of 
a fixed star become altered and no longer coincide with 
the bright lines of the elementary substances to the 
absorbing action of which owe their origin. Prom 
the direction and amount of this displacement both the 
direction and the velocity of the movement of the star 
can be deduced. 

106. Huggins, on comparing the F line of the 
spectrum of Sirius with the blue-green line of the 
spectrum of a Geissler^s tube filled with hydrogen, 
found tiie former as compared with the latter moved 
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towards the red, and to an extent that if the wave- 
length of the Hydrogen line F is 486’5 millionths of a 
millimeter, the wave-length of the line of Sirius corre- 
sponding to it was about 0*1 09 millionth of a millimeter 
greater. Hence it appeiirs that* at the time of observa- 
tion Sitius was receding from the earth with a velocity 
which, compared with that of light (300,000) is as 
O’lOO is to 486*5. The velocity with which the two 
celestial bodies reteded from each other was con- 
sequently 


^0,000 . 0*10 9 
' "486*5 


67 kilometers = 41^ miles. 


Since at the time of the observation the earth was 
moving away from Sirius at ihe rate of 19 kilometers 
(nearly 12 miles) in each second, there remains amrjduti 
48 kilometers (about 30 miles), which represents the rate 
at which Sir hi s ivas receding from o ur solar system. 

Observations made with the telcsco])e long ago 
taught astronomers that many fixed stars possess a 
proper mofioii of their own. But it is obvious that by 
means of the telescope only that portion of the motion 
can be recognised which takes place at right angles 
to the visual line. The spectroscope, on the other 
hand, indicates to us the movement which escapes tele- 
scopic observation, that namely which takes place m the 
visual line. It is thus apparent that by combining the 
results of different methods of investigation it is possible 
to determine the true motion of the fixed stars in space. 

The conclusion may be drawn from the rapid change 
of form which is observable in the solar protuberances 
that the glowing masses of hydrogen of which they 
consist are in the most violent motion. Petul&r dis- 
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locations and disturbances, which Lockyer has observed 
in the dark F line of the solar spectrum as well as ki 
the bright F line of the photosphere, have enabled him 
to measure with precision the velocity with which the 
glowing hydrogen streams up in the solar atmosphere 
or revolves in whorls of storm. ^ 

The alteration in the number of undulations which 
corresponds to these dislocations shows that a rapidity 
of from 50 to CO kilometers per' second is nothing 
unusual, indeed the most marked dislocation hitherto 
observed indicates a velocity of 190 kilometers (nearly 
1 20 miles). If* we compare these fearfully violent hydro- 
gen storms in the solar atmosphere with even the most 
violent hurricanes of our atmosphere, which at most do 
not exceed 45 meters (=50 feet) per second, these last 
appear to be only gentle breathings. 

107. We have hitherto regarded the process of the 
propagation of light from the standpoint of the uii- 
dulatory theory. It remains to consider the origin of 
light, that is to say, the process of illumination, from 
the same point of view. The analogy of light to sound, 
which has so often afforded us useful hints, will also aid 
materially in this part of the subject. 

A mass ‘of matter becomes a source of heat and 
light in consequence of an extremely rojpid vibrating 
movement of its smallest particles, which is propagated 
as a series of undulations into the surrounding mther, 
and is felt by our tactile nerves as heat, but by our 
optic nerves, if the undulations are sufficiently rapid, 
as light. 

Certain facts which especially belong to the domain 
of Chemistry lead to the conclusion that the matter of 
which ^bodies are composed does not entirely fiU the 
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Bpace it occupies, but consists of separate partid'es 
which, in a physical sense, are no further divisible, and 
are therefore termed ultimate particles or atoms. The 
interspaces of the atoms are filled with tether. 

There are as many different kinds of atoms as there 
are elementary chemical bodies. Chemistry teaches us 
further that the atoms in any substance, even in an 
element, never occur singly, but are always united by 
the action of chemical allin ity to’ form groups of two 
or more atoms. Such a gi'oup of atoms is called a 
molecule. Every molecule is built up by its atoms in 
a perfectly definite manner. The kind, number, and 
grouping of the atoms which compose a ‘molecule 
determine the chemical qualitms of the molecule, and 
consequently also of the substance, which consists of an 
indefinite number of such similar molecules. 

And just as a chord gives a definite fundamental 
note besides its overtones, dependent on the length, 
thickness, tension, and consistence of the chord, so also 
the atoms within every molecule are capable of only 
a definite sericjs vibrations, the number of vibrations 
being determined by the structure of the molecule, that 
is to say, by its chemical properties. And just as ^may 
be said that a chord or tuning fork is tuned to give a 
particular note^ it may also be said that a Sodium mole- 
cule is tuned to the colour-tone D. 

It may hence be imagined that the chemical nature 
of a body must betray itself by characteristic bright 
lines in the spectrum of its light. 

Whilst the chemical properties of a body are deter- 
mined by the internal structure of its molecules, its 
•physical properties* especially its condition of aggi’ega- 
tion (whether it be solid, fluid, or gaseous)* dej)end8 
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upon the special mode in which its molecules are 
arranged amongst themselves. 

In a solid body the molecules are held together, 
in determinate positions of equilibrium around which 
they can vibrate, by a •powerful force, which is termed 
the force of cohesion (Zusaminenliangkraft). » These 
vibrations arc independent of the peculiar quality of the 
molecules ; they include also some vibrations of a less 
known character, but take i)lace with all possible num- 
bers of vibrations, and for all solid bodies in a similar 
manner at the same temperatures. 

Solid bodies therefore, whatever may be their 
chemical nature, give alike a continuous speetrurriy which 
at a lower temperature only contains the invisible 
ultra-red rays ; as the temperature rises not only does 
the strength of the ladiatioii increase, but a higher 
tone of colour is constantly being superadded to 
that previously- present. At about 540° C. the red 
shows itself as inr ns B (dark red glow, dull or low red 
heat) ; at about 700° C. (bright or cherry-red heat) the 
spectrum extends to the farther side of F ; and lastly, 
at white heat ( 1206 ° C.) it reaches to IT. Glowing 
fluidjg, betwiicn the molecules of which the force of 
cohesion fetill acts, exhibit a continuous spectrum. 
These vibrations which the molecules of solid and 
fluid bodies exhibit under the influences of the force 
of cohesion, do not prevent the simultaneous occurrence 
of those vibrations within each molecule to which the 
molecule is attuned owing to its chemical composition. 
As a general rule* the latter are not visible, because 

* According to Balir and Bunson the fixed oxides of Erbium and Didy- 
mium,^whejn heiitfd to glowing, exhibit a spectnim with bright lines which 
correspond to the dark striiie in their absorption spectra. (See § 75.) 
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\ Jie bright lines which correspond to them disappear 
upon the bright background of the continuous spectrum. 
The characteristic linear spectrum which discloses to 
us the chemical quality of a body is much better and 
more clearly seen when its niMecules, freed from the 
chains bf cohesion, enter into the gaseous condition. 

108. Fig. 141 represents a tuning fork fixed into a 
little wooden box open at one 
end, and when made to vi- 
brate it is heard to give a 
pure soft tone. A second 
tuning fork similarly sup- 
ported on a box is placed 
beside it. If now the first 
be made to vibrate and be 
then immediately silenced by 
touching it with the finger, 
the second one, which was 
previously at rest, will be heard resounding with the 
same note. It has been set into vibration by the waves 
of air which jiroceodod from the fii’st. 

But if the second fork be put out of tune by attach- 
ing a little piece of wax to its arms, and th^ exp*?f]ment 
be repeated, it remains perfectly silent. The resonance 
thus only occurs when the two forks are in unison with 
each other, that is, when the second possesses the same 
number of vibrations as the undulations of air proceed- 
ing from the first/ 

A similar phenomenon is familiarly known to all. 
If a person sings into an open piano with a loud voice 
the same note is gently returned in answer; those 
chords namely, which when struck by theii; hammers 
yield this note, are set in yibration by the sound, but 
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the waves of sound excited by the singer pass over alP 
the other chords without acting on them. , 

This vibration in unison which is called forth by 
tones of equal height, and is termed resonance, may be 
easily explained. Every wave of sound which reaches 
the tuning fork bi.'giiis to set it in movement. 'If the 
impulses of the waves succeed to i^acli other in the 
same time as the vibrations of which the tuning fork 
is capable, each arm of the fork when it is about to 
move forwards will receive an impulse forwards, and 
when it moves backw*ards an impulse backwards. The 
succeeding impulses thus act unopposed to strengthen 
the movemcuit which was only feebly commenced by 
the first, and soon excite the fork to lively vibration. 
If, on the contrary, the number of vibrations of the 
waves differs from that of the fork, the later impulses 
very soon come to be in opposition to the slight tremb- 
ling excited by the first, and neutralise their action. 
The tuning fork therefore remains at rest. To set the 
tuning fork in motion the unisonal waves must give up 
a part of the energy of their motion to it ; tln^y there- 
fore proceed in a weakened condition on the other side 
of th^fork. The waves not in unison, on the other 
hand, give off none of their energy to the tuning fork, 
but pass by it of tlieir original strength. 

If now a large number of tuning forks be imagined 
to be attached to a table, and a sound wave unisonal 
with them be excited at one end, it will reach the other 
in a very weakened condition, because its energy will 
have been in great measure absorbed by the tuning 
forks. A wave of another pitch will, on the contrary, 
traverse the layer of tuning forks ‘^ilmost unaltered, 
and will spread beyond them without noticeable loss. 
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A Bunsen’s flame in which float glowing particles 
o£ Sodium is comparable to such a layer of tuning 
forks, and it is now intelligible why the peculiar kind 
of light, D, which it emits, is weakened or altogether 
vanishes in traversing it, whilst it remains transparent 
for all other kinds of light. 

The undulatoiy theory thus affords an explanation 
of absorption, inasmuch as it shows that every body 
must absorb exactly those kinds of luminous rays which 
it is itself capable of emitting. 

109. Although a wave vanishes by absorption, the 
energy of its movement is by no means suppressed, but 
is transferred without loss to the absorbing body. For 
in accordance with the fundamental law of all natural 
phenomena, the principle of the conservation of energy, 
energy can as little be destroyed as created. 

The motor energy which is transferred to the ab- 
sorbing body may become manifest in this in two 
forms ; a clock can obviously be set and kept in motion 
if the axis of the great wheel be turned. In this case 
the active energy of the hand is transferred into the 
active energy of the clockwork in* motion, A watch 
may also be made to go by wdnding it up, that is to 
say, by coiling an elastic spring around the tnain wheel. 
The active energy of the hand is now transferred to the 
wound-up spring, and remains slumbering in it as 
inactive energy, or energy of tension, as long as the 
movement of the clockwork is checked. But as soon 
as the detent is loosed, however long a period may 
elapse, the spring gradually uncoils itself to its pre- 
viously unstrained condition, and thus the whole 
energy which had. been concealed in it in an inactive 
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state aga.in makes its appearance as the active energy 
of the clockwork in motion. • 

Let this simile he applied to the ahsorption of the 
setlier waves. A portion of the active energy of the 
absorbed wave sets the fnolecnles, and the atoms within 
the molecules, in motion, or renders the motion 'already 
present in them more lively. They become themselves 
by this means the centre of waves of a^tlier, the active 
energy of wliich betrays itself to our senses as heat or 
light (glowing phospliorescence and fluorescence). 

Another portion of the energy absorbed is employed 
in loosening or altogether dissolving the chains which 
bind the molecules together to form a substance, or the 
atoms together to form a molecule. When the mole- 
cules of the body, or the atoms within each molecule, 
are widely separated from each other or arc completely 
dissociated, the body becomes extended, and passes from 
the solid into the fluid or gaseous condition : or lastly, 
it experiences, if the molecules split into their atoms, a 
chemical decomposition. In the former physical, as in 
the latter chemical action, a portion of the absorbed 
energy is consumed* in overcoming the molecular forces 
(forc^f cohesion and of chemical affinity), just as the 
energy of tfie hand applied in winding up the watch is 
used to overcome the elastic force of the spring. The 
energy so applied, is, however, by no means lost, but 
remains stored up in the body or in its particles as 
energy of tension as long as the body remains in its 
condition of solution or division. It makes its appear- 
ance immediately again as ar.tive energy, in its original 
amount, if the body revert from its new into its old 
condition. * 

11\). the various operations which the radiation 
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from the sun can produce on the surface of our earth 
mfiy serve to illustrate these statements. Were the 
sun’s rays completely reflected from the surface of the 
(jarth they could neither wtirm nor in any other way act 
upon it ; their action is only rendered possible by the 
absorbifig action of terrestrial objects. 

The transparent air allows the sun’s rays to traverse 
it almost undiminished in intensity, and is tlici’eforo to 
only a vex*y slight extent directly warmed by it. On the 
other hand, the solid crust of the earth, which possesses 
considerable absorptive power, undergoes a great amount 
of heating ; the air itself becomes gradually wanned from 
the soil ; and since this heating takes place unoquaDy 
at different parts of the earth’s surface, attaining for 
example a higher degree in the equatorial than in the 
polar regions, the equilibrium of the atmosidiere is 
disturbed, and seeks restoration by currents which we 
call winds. The movements of our atmosphere are 
thus primarily caused by the sun’s rays ; in the breeze 
which swells the sails of the ship, as in the hurricane 
which uproots trees, a part of the energy is made mani- 
fest which the sun sent down to the globe of the earth 
in the form of tether waves. 

The evaporation which takes place from the surface 
of the sea under the influence of the solar rays causes 
the ascent of extraordinary quantities of aqueous 
vapour into the higher regions of the atmosphere, from 
whence, again condensed, they descend, in the form of 
water or of snow, and collected into streams and rivers, 
flow back to the sea. In performing this circuit the 
water gives off the whole of the energy which it 
originally received #from the sun. The falling drops of 
i^ain, the ship-bearing river, the waterfall which ^tums 
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the mill-wheel or drives the tunnel-bcrer through the 
granite of the Alps, owe their energy to the sun, • 

In the green leaves of plants the carbonic acid they 
have absorbed from the air undergoes decomposition 
by the absorbed solar rays, and the oxygen returns to 
the air in a gaseous form, whilst the carbon is aj^plied to 
the construction of the solid parts of the plant. In the 
wood of the stem of a tree the whole energy of the 
solar rays which has been consumed in its formation in 
the course of years is found stored up in an inactive 
condition ; it reappears with undiminished intensity as 
active energy in the form of light and heat when the 
wood, or rather the carbon contained in it, again reverts 
by the process of combustion to the condition of car- 
bonic acid. The Carboniferous strata, which are com- 
posed of the altered remains of ancient plants, represent 
a highly economical mass of solar energy which, after 
a slumber lasting for ages, is again set free by the pro- 
cess of comhustiony heating and illuminating our houses, 
striking the hammers and turning the spindles in our 
workshops, and driving our locomotives with the speed 
of the wind along their iron paths. 

Amongst the animal creation some feed directly on 
vegetables, * whilst others consume their plant-eating 
congeners. In both instances we recogpise the vege- 
table world as the only spring of all animal life. In 
the animal organism the carbon consumed as food 
unites with the inspired oxygen, and is exhaled in the 
form of carbonic acid. The force condensed in the 
vegetable streams forth again in the animal body ; that 
is to say, the energy of the solar rays which the plant 
required for the separation of the carbon is again set 
free a the animal body as heat and motion. The heat 
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jf the blood, the motion of our heart, the capacity for 
work in our arms, all represent the energy which 
(originally streamed from the sun. Thus the sun, by 
means of the waves which it excites in the aether ocean 
of the universe, is the origin of all the heat, life, and 
motion on the surface of our earth.* 

* There «'ire no doubt a few terrestrial Uiovemonts which are not oc- 
Msionod by the radiation from the sun ; such, for insUincc, as the ebb and 
rtow of the tides, which arc caused by the force of attraction of the moon 
jind sun upon the waters of the sea. So also vulcanic Jictivity which has 
its origin in the interior of the earth. Lastly, there are stores of enei^y of 
tonsion which do not depend upon the sun, which art* stored up in certain 
combustible minerals (in virgin sulphur, iron, &c.). Mevertholess, all tliese 
sources of force together are very insignificant in comparison with those 
which are supplied to us hy the sun. 
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CHAPTER XIX. 


DlFFEt\CTION OF LIGHT. 


111. The last four Chapters havinj^ been occupied in 
rendering the facts stated in ihe earlier section of this 
work iiitellij^ible on the undulatory theory, we may now 
enter upon the consideration of new x)henomeiia of light 
adapted to support the views already expressed, and to 
supply additional means of determining the essential 
nature of light. 

If a beam of parallel solar rays be allowed to fall 
upon a narrow verti(;al slit, and the transmitted light be 
received upon a paper screen at some distance from it, 
^ tliere is seen on either side 

— — of the bright line which 

naturally results from the 
shape of the slit, a series 
of alternate dark and light 
_ strire (fig.** 142), which 

DiHraction or iuflcclion iniacro of a narrow* Tapidly diminish ITl intCll- 

sity as they are more dis- 
tant from the central line, and aro fringed with the 
same subdued colours that have already been seen in 
the interference lines of Fresnel. 

This experiment furnishes the practical proof tha.t 
light spreads not simply in straight lines, but, as Huy- 
ghens’ construction shows^ laterally also. It is, in fact, 
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simply tliO realisation of the case already mentioned 

07), that a wave in its passage through an oiDening, 
wliilst it is propagated directly as a principal wave, also 
sends forth elementary waves into the space which is 
protected from the chief wave. 

Th^ white line in the middle is that part of the 
screen which receives the principal w^a^es, that is to say, 
here all the eleinentar}^ waves or ^elementary rays pro- 
(*eeding from the various points of the aperture are found 
in unison, and support each other in the most complete 
manner. The elementary waves uniting in a laterally 
situated point of the screen — called diftracted rays — 
are not capable of an equally favourable co-operation, 
since, proceeding from the various points of the aperture 
tluy ti’avel over various paths io the screen, and become 
according to the diflerence of their path, i.c., according 
to the distance of the point of the screen observed from 
the middle stria, sometimes in partial accordances, some- 
times in conqilete discordance, and thus are produced 
alternately the bright and dark sirise observed upon the 
screen. This plKuiomenon, heeanso it originates by th(i 
interference of inflected rays, is termed a jihenomenou of 
diftraction. When monochromatic light is used, th^ dark 
lines appear of a deep black colour, and are closer to 
each other, ai^ well as to the central bright line, iii 
proportion as the wave-k)ijgths ol the source of light 
employed are smaller. With white light, therefore, only 
the central stria appears wdrite, whilst the lateral strim 
appear, for the same reason and in the same order, 
coloured, like the interference strim of Fresnel. 

If the slit be gradually widened the lines will be 
Been to become progressively narrower, till they^uiti- 



2G0 


OPTICS. 


mately become so fine as to be no longer perceptible. In 
order therefore to perceive the laterally spreading 
elementary waves, very narrow slits alone can be used ; 
with wide apertures they are undoubtedly present, but 
the phenomena of diffraction are then so extremely 
delicate that they escape observation. ‘ 

112. The phenomena of diffraction may also be 
seen with the naked eye, if a distant object be looked 

at through a minute aper- 

li’llJ l^S ° * 

ture. They may be still 
morij advantageously ob- 
served by employing a 
telescope, at the objective 
end of which (a, fig. 143) 
a tube (b), lined with 
leather, is attached for the reception of the wooden 
ring, 0. A sheet of tin is let into the latter, in 
which is a small opening, d. The diffraction figures 
which then come into view present various forms, 
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Phenomena of diffraction with a 

Phenomena of diffraction with a circular rhomboidal aperture, 

aperture. 

according to the shape of the opening, and are often 
of surprising delicacy. Amongst the most simple is 
the figure which is obtained from a circular aperture 
(fig. 144). In this case a bright cirenlar disc ap- 
pears) BuSrounded by a succession of bright and dark 
rings, -which, when white light is nsed, are fringed 
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with delicate colours. With a rhomboid al figure (o, fig. 
1^5) the image is divided by two rows of dark lines, 
each of which is parsillel to the sides of the opening, 
into numerous parallelograms. The most distinct of 
these, which are arranged serially at the four sides, 
give to*the image the aspect of an oblique cross artifi- 
cially constructed in mosaic work. 

When a telescope is used for ihe purpose of 
observing the difiraction image, it is formed in the 
focal plane of the objective, and is seen magnified 
through the eye-piece. The t<descope iierinits conse- 
(juently of the application of wider, and therefore of 
more strongly illuminated apertures, the diffraction 
figures of which would be too small to be setm by the 
naked eye. 

118. It has already been pointed out how the pheno- 
mena of diffraction result from the interference of the ele- 
mentary rays. It may now be advisable to enter a little 
more deeply into an explanation of them, under the 
supposition that they are being ohseiTed with a tele- 
scope, or even with the naked eye. 

In fig. 146, A B represents the horizontal section of 
a screen, and G and B the edges of a vertical slit^which 
has been made in it. If a fasciculus of parallel homo- 
geneous rays, f C d B fall vertically upon the screen, 
all aether particles within G^D are in equal conditions of 
undulation. From each of them, in accordance with 
Hnyghens’ principle, elementary rays si)road in all 
possible directions. All the rays which proceed from 
the various points of the aperture parallel to each 
other are united in one point of its focal ^ane by the 
objective. The fasciculus of diffracted rays,^(7FD 
for example, which forms the angle of diffraction ^ with 
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the axis CG of the incident rays, is united on a 
secondary axis parallel with CE^ at the point where this 



Explanation ol diflniciion taking place through a i$Ut. 


strikes the focal plane. The lens, however, t'ls has been 
already pointed out (§ 102), exercises no influence on the 
difference of path of the rays within the fasciculus. These 
unite in the focal point with the same differences of path 
which were already present before it reached the lens. 

If from the point D we let fall the perpendicular 
DH upon OE^ Cl£ constitutes the extent to which the 
path of the marginal ray OE exceeds the path of the mar- 
ginal ray EFio the point of union. And for each of the 
ther innumerable rays of the diffracted fasciculus there 
is a portion between D G and D If, to which extent it 
falls behind the ray D F. 

Those elementary rays which form the continuation 
of the incident rays do not indeed, in any way differ 
from one another, and consequently meet in the prin- 
cipal focus o/ the objective in tlie centre of the diffrac- 
tion image in perfect unison. The larger, however, the 
diffraction angle becomes, and the niore the diffracted 
fasciculus is inflected as regards the axis of the incident 
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rays, the larger proportionately becomes the difference 
of j)a.th, G IT, of its marginal rays. 

With a certain small value of the angle 0, 011 
must be equal to half a wave-length of the incidimt 
homogeneous light. The marginal ray CJU will tlieii 
l)(‘ in icomplete discordance with the marginal ray 
l)F. These two rays must fclun-efore neutralise each 
other at the point where they meet. The innumerable 
other rays of the fasciculus, on Ihe other hand, have 
but little difference of path; they are not tlu^refore in 
complete discordance with each other, but at the same 
time they arc not in perh^ct accordance. A c(Tlain 
amount of light will therefore be present at tlieir point 
of union, but this will be less than in ite centre of the 
linage. 

If the angle of diffraction <f> be so large that Oil 
is equal to an entire w^ave-length, the middle ray ((>) 
of the fasciculus is retarded a half wave-length as com- 
pared with fhe ray 1) F, and is neutralised by it Avhere 
they meet. The same thing happens with the pairs of 
rays 1 and 7, 2 and 8, 5 and 11, wliich differ in their 
iiaths to the extent of a half w^ave-leiigth. Since, conse- 
quently, every ray of the fasciculus finds a companion 
which is in complete discordance with if, darkness 
must prevail jit the point where they meet. At this 
spot therefore, reckoning from the middle of the image, 
the first dark stria must occur. 

If now, with still greater inclination of the diffracted 
rays, the difference of path of the marginal rays amounts 
to three half wave-lengths, it may be conceived that 
the beam is divided by the rays 4 and 8* into throe 
equal parts. Tliiisi the ray 8 is a whole w^ave-length be- 
hind the ray DF; the part of the fasciculus confained 
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between them undergoes, as has already been shown, 
extinction, only the last third, the marginal rays ©f 
which differ by a semi-undulation, produces the effect of 
light at the point of union. But as this only contains 
a third of the whole amount of rays, whilst it other- 
wise exhibits the same ditference of path as thfe entire 
fasciculus previously considered, with the marginal 
ray difference of a semi-undulation, the aether particles 
found at the point of union can only possess one-third 
the amplitude of vibration of the complete fascicu- 
lus. And since the intensity of light (see § 96) is always 
proportional to the square of the amplitude of vibration, 
it is obvious that the illumination at the point of union 
of the fasciculus having a difference of three half wave- 
lengths in the marginal rays, is only the ninth part 
of that which the fasciculus with a difference of path of 
a half wave-lengtli produces. 

When with progressively increasing angle of diffrac- 
tion the difference Off of the marginal rays is equal to 
two entire wave-lengths, the middle ray (6) remains a 
whole wave-length behind 0 F, and the ray I> ff a whole 
wave-length behind the middle ray. 

Ea(;|ii half of the beam now has in itself the means 
of its extinction. Similarly, it may easily be com- 
prehended that every diffracted fasciculns of the 

marginal rays of which differ in their path any number 
of whole wave-lengths, must disappear. The dark lines 
in the diffraction image of the slit (fig. 142) correspond 
to these differences of path. The middle of the bright 
areas between each pair of dark striie corresponds to 
the fasciculi whose marginal ray differences, 3, 6, 7 
. . . amount to an unequal number of half wave- 
If'ngths. The intensity of light at these spots amounts 
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to -jV ? V 9 • • • • ^ compared with that which exists 
atb those points where the difieronce of the marginal 
rays equals one half wave-length ; those lie in the 
middle brightest area, which is twice th(^ width of each 
lateral one. 

114. « Tn the right-angled triangle CDH (fig. 146) 
the angle at D is equal to the diffraction angle 0 ; if 
therefore the angle ^ and the width CD of the slit be 
measured, we can easily ('stimate the length C IL The 
telescope of a Theodolite serves for the measurement of 
the angle (fig. 109). If it be first arranged in such a 
iriaiiner that its crossed threads are in the centre of 
the image, and it be rotated laterally till the first dark 
line appears at the crossed threads, ' the diffraction angle 
can be read oft* on the horizontal circle of the instru- 
iiient ; the corresponding value of C II must then be 
equal to the wave-lengths of the homogeneous light 
employed. Schwerd, for example, found that when red 
glass was used and tlie width of the slit was 1'353 mm., 
the first dark line corresponded to a diffraction angle of 
r 38", which gave for that particular red light a wave- 
length of 643 millionths of a millimeter. 

Although the explanation we have given of the dif- 
fraction phenomena produced by a slit-shaped aperture 
refers only to ihe appearances 2 >resented when a tele- 
scope is employed, it wilj still hold for a diffraction 
image thrown upon a screen, if this be removed to such 
a. distance from the aperture that all the rays passing 
to any point of the screen may be regarded as parallel 
to each other, 

115. An inexhaustible variety of the mdst beautiful 
phenomena of diffraction may be produced by making 
a group of several or numerous apertures insteaQ of a 
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«ing;le one. If, for example, a number of fine wires be 
stretched in a frame, the interspaces between them form 
so many slits, and w(i have a kind of grating. Such a 
grating of extraordinary delicacy may be obtained by 
cutting parallel lines at equal distances from each other on 
glass with a diamond. The lines drawn with the diamond 
correspond to the wires, and the unscratched surface of 
the glass to the interspaces of the wires. 

If a fasciculus of solar rays be allowed to pass 
through the slit of a Heliostat and to fall upon a 
lens which projects a sharp image of the slit upon 
the adjacent screen, and if a fine glass grating be 
placed in front of the lens, a beautiful figure will be- 
come visible upon the screen (fig. 147). Symineti'i- 


) / 



>' t I ij ' 



Diffraction plicnouicua ttirougli a "id- 
eally tc th« two sides of the white image of the slit 
a series of spectra appear, the violet end of which is 
turned inwards whilst the red is external. Whilst the 
two spectra on either side of the centre are isolated, the 
succeeding ones, which are progressively both broader 
and fainter, partially overlap each other. In these 
spectra, especially in the first and second on either 
side, the wejl-known lines of Fraunhofer are distinctly 
visible. 

The same appearances are presented if the grating 
be held in front of the objective of a telescope 
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placed at a little distance from the slit. On the sup- 
position that this method of observation is adopted, 
ail attempt may be made to explain the origin of tliesi* 
spectra. 

In hg. 148 let B represent the transverse section 
of the grating, and M a N the direction of the inci- 
dent rays falling vertically fus us . 


to the plane of the gi’ating. 

All fasciculi of rays running 
parallel to eacli other, i.e., 
witli the same diffraction A 
angle (f> at the bright iiiter- 
s})aces of tlie grating, are 
united by the objective lens 
at the same spot of the 
image-plane. Disregarding i 
for the moment the difference 




Kvplanatloii of <ii(lr.icUou 
grating. 


ttirougix t) 


of path whicli exists amongst the elementary rays 
of each fasciculus, let us turn our attention to the 
difference of path of the several fasciculi in regard 
to each other. If from the point c, from which the 
first ray of the second fasciculus proceeds, a perpen- 
dicular, c h, be let fall upon the first ray o/ tlw first 
fasciculus, a It obviously represents the extent to which 
the first fasciculus is retarded as compared with the 
second, and consequently as»each fasciculus is retarded 
as compared with the next succeeding one. If we 
now suppose the light to be homogeneous, as for 
example Sodium light, and the line a It equal to its 
wave-length, the whole of the fasciculi will be in com- 
]>lete accordance, and co-operate with one another at 
ihe point of union to give greater intensity *of Jight. 
If the observer move to a veyy slight extent from that 
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position in which the difference of path of two adjoin- 
ing fasciculi amounts to a whole wave-length, the fasci- 
culi of rays must mutually extinguish each other at the 
point where they meet. If, for example, with a grating 
of 1,000 lines the anglfe of diffraction increases to such 
an extent only tliat the first fasciculus is retarded as 
compared with the second 1 + wave-lengths, it 
is retarded as compared with the third 2 4- n^oir; 
compared with the fourth 3 + niVif? until as 

compared with the 501st it is retard()d to the extent 
of 500 -f- 4- of a wave-length. The 

501st fasciculus is thus in complete discordance with 
the first, and similarly the 502nd with the second, the 
503rd with the third, and so on, until lastly the 500th 
with the 1000th. If, with a soniewhat greater angle of 
diffraction, the difference of path between the first and 
second fasciculus were 1 -I- wave-length, the 51 st 
fasciculus would be in complete discordance with the 
first, and th(? fasciculi must again extinguish each other 
in pairs where they meet. Speaking generally, as soon 
as they recede on either side from the above direc 
tion, in which ah is equal to a whole wave-length, 
neutralisation of the waves occurs, providing only that 
the increase or decrease of a h is less than an entire 
wave-length. ^ 

For if a h be equal to tivo entire wave-lengths, all 
the fasciculi are again in complete accordance, and so 
on each occasion the difference of path of two adjoining 
fasciculi is equal to any number of entire wave-lengths. 

The diffraction image perceived when Sodium light 
is used is consequently very simple. In the middle of 
the field of vision is the image of tlm slit ; then follows 
at a derthin distance on each side, which corresponds to 



DIFFRACTION OF LIGHT. 


269 


the dijBterence of path of a whole wave-length, a slender 
yejjow line npon a perfectly black ground; then at 
double the distance, corresponding to the dilference of 
path of two wave-lengths, is a second bright line, and 
others still at thrice, fourfold, t&c. distances. One or 
the other of these pairs of lines can only then vanish 
wlien each of the fasciculi by which they are pro- 
duced already carries in it the germ of neutralisa- 
tion, that is, when the Imes fall ditec tly on the spots at 
which each interlinear space of the grating would 
exhibit a dark stria. Moreover, the diminution in 
the intensity of the light, which in general occurs in 
the consecutive lines, is to be ascribed to the inter- 
ference which takes place in the interior of each separate 
fasciculus. 

For every other homogeneous kind of light a series 
of bright lines of that particular light would be perceived, 
which, however, lie nearer the image of the slit when 
the wave-lengths are smaller, and on the other hand, 
more remote when the wave-lengths are greater. When 
white light is employed the strim which correspond to 
the difference of path of each of the wave-lengths occur 
according to the serial succession of their wave-lengths, 
and form the first grating spectrum on each hide'of the 
white image of the slit; the second, third, and following 
spectra in the same way correspond to the greater diffe- 
rences of path. When certain kinds of rays are absent 
in the incident light it is obvious that hiatuses must 
exist at the corresponding points in the spectra, as for 
example at the Fraunhofer^s lines when sunlight is 
used. • 

116. Owing to, the occurrence of Fraunhofer’s lines 
in the grating spectrum, we are in a position'to ^eter- 
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mine accurately tlic wave-lengths corresponding to 
them. Fraunhofer himself, to whom we are indet^fed 
for the discovery of the grating spectrum, measured 
with the aid of the Theodolite the wave-lengths of the 
lines named after him'with great precision. The s'pec- 
trometer (fig. 110) is still better adapted for these 
measurements. If we place, for example, the grating 
instead of the prism U])on the table of the spectrometer, 
and gradually focus the telescope upon the lines of 
Fraunhofer, the angle of diffraction corresprniding to 
each focussing can be road off upon the divided circle. 
From the right-angled triangle a ch (fig. 14S), in which 
the angle at c is equal to the measured angle of diffrac- 
tion, and the side a c is likewise known as the sum of the 
breadtli of a grating line and of an intervening space, 
the length a k is obtained, which is equal to a wavc*- 
lengtli, or is equal to two, three, and so forth wave- 
lengths, according as the measurement is taken in the 
first, or s(icond, third, and so on, grating spectrum. The 
measurement of the spectra of the higher serial num- 
bers serves to control the values furnished by the first 
spectrum. By moans of this method Angstrom has 
discovered the wave-lengths which arc given in the 
following tlible in millionths of a millimeter : — 

A 7()0,4 B 686,7 C* 656,2 

D, 589,5 Dj 5.88,9 E 526,9 

F 486,0 G 4rm,7 396,8 

393,3. . 

117. By means of the grating we have acquired a 
knowledge <tf the mode in which compound light may 
be broken up into its homogeneous components without 
any alssis^iance from the refraction and dispersion of 
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(iolour produced by a prism. The grating spectrum is 
tli< 4 refore free from the influences which the nature of 
the material of which the prism is composed exercises 
upon the arrangement of the colours in the prismatic 
spectrum. In a grating spectfum the several homo- 
geneous •rays are arranged essentially aceordlny to the 
differences of their wave-lengths in air, and therefore 
according to a property which is inherent in the rays 
themselves.* 

The grating spectrum is therefore to be regarded 
as the normal S2)ectrum in which the position assign- 
able to each homogoncoiis ray in coiiseciuencc of its 
wave-length is not in any way altered by foreign in- 
lluences. 



Comparison of the priKmatic with the crating upL'ctrnm.* • 

A comparison of the prismatic spectrum with a 
grating spectrum of equal length (fig. 149) enables the 
influence which the colour-dispersing material exercises 
^ipon the arrangement of the colours to be recognised. 

* The number of undulation.s is always to bo regarded as tho distin- 
truisldng characteristic of a homogeneous colour. In the jjropagation of 
l>ght in free adher and in the air, which occurs with equal rapifliry for all 
kinds of rays, the number undulations is always inversely proportional 
tho wave-lengths, and those may therefore bo regarded as characteristic 
'i'' those of the pitch of tone. • • 
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The middle of the grating spectrum is obviously occu- 
pied by those colours, the wave-lengths of which are 
intermediate between those of the extreme visible rays 
A and J/j. The wave-length 576,8, which is exactly 
intermediate between*- the greatest, 760,4, and the 
smallest, 393,6, corresponds to the yellow, behind 
R This colour therefore appears in the middle of 
the grating spectrum, whilst in the prismatic spec- 
trum it is displaced towards the red end. Owing to 
prismatic dispersion the deeper tints of colour are 
approximated to each other, whilst the lighter tints on 
the contrary are more widely separated than in the 
colour scale of the grating spectrum at the same time 
rising progressively with the wave-lengths. 
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• CHAPTER XX. 

COLOUKS OP THIN PLATES. 

* 

118. The lovely ])lay of colours on the soap bubble, 
well known to all from the hapj^y days of childhood, 
loiij^ a^o excited the attention of the physicist. Hooke 
more than 200 j^ears ago was awtire of the fact that 
every transparent body, if sufficiently thin, exhibited 
similar colours. lie observed further that the lleeting 
ijolours of the soap bubble were arranged circularly 
around the thinnest six)t of the fluid membrane, and he 
was soon successful in producing a permanent series of 
rings of colour by placing a very slightly curved piano- 


Newton’s coloiir-pfltiss. 

convex lens with its curv'ed surface upon a plane glass 
plate (fig. 150). This simple apparatus, however, as well 
as the rings exhibited in it, are indissolubly associated 
with the celebrated name, df Newton, because he mea- 
sured the phenomenon and established the laws of tbo 
appearances presented. 

If a large specimen of a Newton’s colour glass, 
showing the colours well, be taken, and a b»oad parallel 
beam of white light be allowed to fall upon it, whilst a 
lens is placed in the path of the reflected rays^ ti beauti- 
fully coloured system of alternately bright and dark 
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rings (fig. 151) will be seen npon the screen behind the 
lens, which are more and more closely approximated 
from within outwards, and gra- 
dually become indistinct. The 
common centre of all the rings, 
is black. The colours from the 
centre to the first dark ring were 
named by Newton colours of the 
first order ; from this to the se- 
cond dark ring follow the colours 
of the second order, and so on. 
These colours are — 

First Order : black, pale blue, white, orange, yellow, 
red. 

Second Order; violet, purple, yellowish* green, yel- 
lowish-red. 

Tliird Order ; purple, indigo, green, yellow, rose, 
carmine. 

Fourth Order : bluish-green, yellowish-red, pale red. 

Fifth Order : pale green, white, pale red. 

If the lens be placed behind the colour-glass so that 
ifc now receives the transmitted rays, a system of rings 
is stilhseev upon the screen, the colours of which how- 
ever are much fainter than they were previously in the 
reflected light. The centre of these rings is white, and 
their colours are arranged in .complementary succession 
to those of the reflected rays. When homogeneous light , 
is employed — if for example the incident rays be allowed 
to pass through a red glass — the rings appear in both 
cases merejy alternately bright and dark ; and in the 
transmitted light it may be observed that the dark 
rings locoupy exactly the position of the bright rings in 
the reflected light. . . 



Newton’s coloured rings. 



COLOURS OF THIN PLATES. 


275 



Explanation of the 
colours of tile 
laiuinie. 


119. An attempt will now be made to explain the 
mode of origin of these phenomena In fig. 152, let 
MN PR represent a thin layer of a trans- 
parent substance — for example, a piece 
of thin glass — upon which a beam of 
paralleP rays falls in the direction ab. 

Every ray, a 6, is in part reflected at the 
anterior surface, towards e, whilst^ it is in 
part refracted towards at before it 
leaves the lamina in the direction d h, it 
undergoes a second reflexion ; and at the 
posterior surface, P B, a portion of the light here reflected 
reappears parallel with h o at tlie anterior surface. 

Disregarding the transmitted portion of each ray, 
dhy let us in the first place consider the rays which 
leave the plate parallel with h o after being reflected in 
part at the anterior surface M A, and in j>‘Art at the 
posterior surface P R. 

For each incident ray, a b, which is reflected at the 
anterior surface towards o, there is an adjacent ray, 
fcy the portion of which reflected from the posfrrior 
surface at w, on emerging from the anterior surface, 
follows the same path, h o. Of the two raytf which 
pursue the same path, b o, the second, because it has 
had to traverse the path ciib within the film, is re- 
tarded, as compared with Jbhe other ; to this retardation, 
> which is obviously greater in proportion as th^ film is 
thicker, there is still a further retardation, dependent 
on the circumstance that the one ray is reflected in the 
denser, the other in the rarer medium ; the# reflexion in 
the denser medium, as has already been shown (§ 101), 
leading to a retardation of a half wave-length.* » 

If, for example, the retardation within the film 
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amoants to a half wave-length of the red light, the two 
rays cottrsing along the line h o are in complete accord- 
ance, because in being reflected the one is retarded a half 
wave-length ; the (ilm therefore, if it be illuminated with 
red light, appears to an* observer at o bright. The same 
would occur when the films are of three or fiTO times 
greater thickness, because in these a retardation amount- 
ing to 3, 5, and so on, half wave-lengths occur. On the 
other hand, films whl(ih, on account of their thickness, 
bring about retardations equal to a number of whole 
wave-lengths, and which are consequently 2, 4, 6 ... . 
times as thick as the first-considered film, appear dark 
with red light, becausci the two rays coursing towards ho^ 
since they difier in their path by an unequal number of 
half wa-ve-leiigths, are in discordance. Were the in- 
cident light white, a film which retards red light a 
whole wave-length would extinguish the red, but not the 
oIIkt colours, the wave-lengths of which are different. 
The film would consequently exhibit a greenish tint, 
resulting from the mixture of all colours not ex- 
tinguished ; and were another film sufficiently thin 
extinguish the yellow rays, it would appear blue with 
white light, and so on. 

12fr. A* film of perfectly equal thickness throughout 
will consequently exhibit the same colo\ir in its whole 
extent — ^that, namely, which corresponds to its thick- 
ness. 

In Newton’s colour-glass we have to do with the 
film of air intervening between tile two glasses, the 
thickness of which, proceeding from the point where 
the convexfcleus and the glass plate are in contact, in- 
creases in all directions from the cei'tre outwards. At 
the p!>int of contact itself, where the thickness of the 
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film and consequently also the diflference of path depend- 
iug upon it, is m7, there is only a diflFcrence of path of a 
half wave-length, caused by the dissimilar reflexion of 
the two rays ; there, consequently, is an extinction of 
light, and we see at this pinut a dark spot. If vve pass 
outwards from the point of contact we meet with suc- 
cessive spots where the total difference of path for 
every homogeneous colour amounts to 2, 3, 4, 5 ... . 
half wave-lejigths, and where, consequently, alternate 
increase and extinction of light must occur. Thus wo 
obtain an explanation of the system of rings with dark 
central point, even with homogeneous light. The smaller 
the wave-lengtli the narrower must the rings be. When 
white light is used, neither the bright nor the dark 
rings of the different colours can therefore coincide, but 
in every concentric circle proceeding outwards from the 
centre, the colour resulting from the mixture of all the 
colours which have escax)ed extinction must make its 
appearance. 

Let us now return to the thin lamina MNP 11 
(fig. 152), and consider the ray dh which leaves the 
film after it has traversed it along the line bd. With 
it is also associated a second raj'', which after it has 
been reflected along the path f cnhdy and at ii and h 
has been reflected inwards, has undergone a retardation 
compared with the otherg which corresponds to the 
length cnb. Since two reflexions take place either in 
the denser or the rarer medium, they either cause 
no difference of path or produce together a difference 
of a whole wave-length, and alter therefore in no 
degree the amount of coincidence or of* opposition 
of the two rays which the film occasions in consequence 
of its thickness. The transmitted .rays are conse- 
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(juentlj in complete accordance when the reflected rays 
are in discordance, and vice verm. We see therefore 
in Newton’s colour-glass, with transmitted homoge- 
neous light, a bright centre and bright rings at those 
points where with reflected light the centre and the 
rings are dark ; and in the same way with white light 
illumination the mixed colours arc in the latter case 
coinplemcnta.ry to those in the former. 

But why is it that the rings ap 2 )ear so very much 
paler by transmitted as compared with reflected light 
The answer is easily given ; of the two rays which run 
in th(^ direction d one, on account of its having under- 
gom" two reflexions, is much fainter than the other. The 
two rays therefore, even wlien they are in complete 
discord, can never entirely extinguish one anotlier. <.>n 
the other hand, the two rays reflected towards h o, of 
which each has been once reflected, are of nearly equal 
strength, and must consequently, as often as their dif- 
ference of path amounts to an odd multi^de of a lialf 
wave-length, undergo complete extinction. It is plain 
that the brilliancy of the colours depends on the com- 
pleteness of the interference. 

121. But even in the reflected rings, as we proceed 
from withm outwards, and as the film of air becomes 
progressively thicker, it may be obscrvejl that there is 
a decided diminution in the brilliancy of the colours, 
until the most external pale ‘rings gradually disappear 
in a uniform white. It is easy again to explain why a 
thicker film exhibits no colours, appearing when illumi- 
nated by white light simply white. Let it be granted, 
for example, that a film is just so thick that it retards 
the red rays (B) about ten wave-lengths, apart from 
the retardation of a half wave-length which depends 
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oil the dissimilar reflexions. Now since in the same 
Itiftf^th which includes 10 red waves there are about 
1 7 wave-lengths of violet, the same film causes a diffe- 
rence of path in the violet rays amounting to 17 wave- 
lengths. Between the former rod and these violet 
rays th^re are still other rays with 11, 12, 13, 14, 15, 
10 wave-lengths in the same space which contains 10 
waves of the Jl-red. The colours which correspond to 
these rays are in succession orange, greenish-yellow, 
green, bluish-green, bright-blue, indigo. All these 
rays must di& appear in reflected liglit because the film 
causes ill them a dilFerence of path of an odd number of 
lialf wave-lengths. Those rays, however, the wave- 
lengths of which are contained 10-J-, 11^, 12^, 13^, ]4i, 
15^, and 16^ times in the given length, because they 
strengthen each other, arc seen of grea<t brightness in 
reflected light. But to these the following colours cor- 
respond in succession: bright-red, yellow, yellowish- 
green, dark-green, blue, indigo-violet. An observer 
looking at the plate must obviously receive from the 
mixture of these colours the impression of white light. 

122. That the colours first named are really absent 
in reflected light may be easily demonstrated by th(‘ 
following experiment. The solar rays are to *be Allowed 
to fall upon 41 plate of Mica, which to the naked 
eye appears white. The reflected rays are then made 
to traverse a slit, and are dispersed into a spectrum by 
means of a prism in the usual way. In this spectrum, 
between the red and the violet, ei<jfd dark sirim (fig. 153) 
are perceptible, coiTcsponding to those kinds of rays 
which are extinguished by interference.* A thicker 
plate of Mica is m>w to be selected, and th(j spectrum 
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now presents a very great number of dark interference 
lines (Muller’s lines). • 
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lutcrftTonco btriju in the s])oclrum. 

The spectrum of tlie light reflected from the Mica 
plate may be receivc^d upon a paper screen painted over 
with solution of quinine, and thus rendered fluorescent ; 
and it will then be observed that in the now visible 
ultra-violet part of the spectrum such dark interference 
stria3 make their appearance. And just as from the 
relation of the wave-lengths of red and violet the 
number of lines within the visible &j)ectrura was for- 
merly determined, we are now able, conversely, from 
the nninb('r of the lines that we can count from the 
violet to the end of the ultra-violet, to determine the 
ratio of the wave-lengths of the extreme ultra-violet 
rays to*.tli©se of the violet rays, and consequently as 
the wave-lengths of all visible rays are known, to deter- 
mine the wave-lengths of the most refrangible ultra- 
violet rays. • , 

By an experiment essentially similar to the above, 
Esselbach found that the wave-leng-ths of the line R 
amount to d09 millionths of a millimeter. 

BecquereJ received the spectrum of solar light re- 
flected from a film of Mica on a screen covered with 
a phosphorescent substance, and was able to follow the 
interference lines into the iultra-red region, where the 
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rays act in the peculiar manner mentioned above (§81), 
namely, apparently conversely to the more refrangible 
part of the spectrum. lYom the measurements ob- 
tained it resulted that the wave-lengths of the ex- 
treme ultra-red rays in this way rendered visible are 
more than twice the length of the extreme red rays 
According to another less direct nu'Aliod, Muller deter- 
mined the wave-lengths of the extreme ultra-red at 
about 4,800 millionths of a millimeter. 

In music one note is said to be an octave above 
another if the number of its undulations is double, and 
consequently its wave-lengths half as great as the 
latter. If the same nomenclature be employed in the 
matter of colours, it may be said that the visible 
spectrum from A to 11 does not occupy a complete 
octave, but reaches from the fundamental note 0 to the 
sharp sixth a 'is. If, however, the solar spectrum be 
considered in its whole extent, wo find in the ultra-red 
alone, according to Muller, mure than two octaves, to 
which must be added more than another octave from A 
to the line 7i* in the ultra-violet. The 'whole Icmjth of 
the solar spectrum thus embraces consequently about four 
octaves* 
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CHAPTEE XXI. 

DOlfPLE KEPKACTION. 

123. When after almost two thousand years of Vtaiii 
attempts on the ])art of the nlost accomplished msthe- 
maticiaiis from Ptolemy to Kepler, to discover the law 
of refraction, i.e. the geometric relation between the 
incident and the refrach^d ray (see § 30), it was at last 
discovered in the year 1620 by Snellius, the ingenuity 
of observers was taxed afresh in 1669 by the ‘ wonderful 
and extraordinary refraction of liglit’ discovered by 
Erasmus Bartliolinus, Professor of Geometry in Copen- 
hagen, in the beautiful crystal spar from Iceland. 

The completely colourless and transparent calca- 
reous spar depicted in the adjoining figure is bounded 
by six natural plane crystalline surfaces, of which 
the oi^];iosffce pairs are parallel to each other. If a 
beam of parallel rays fall perpendicularly upon one of 
its surfaces, two such beams are seen emerging from 
the opposite one, which fornir upon a screen so placed 
as to intercept their passage two equally bright white* 
spots. 

This phenomenon is termed double refraction, and 
since in general every ray of light traversing the spar 
is split into two rays, all objects sepn through such a 
crystal afe doubled. 



POTJBLE BEFBACTION. 


283 


One of these two fasciculi, as it emerges, follows 
precisely the same course as the incident one wnould, 
if it traversed an ordinary plate of 
glass. The other, on the contrary, is 
laterally displaced in a directiorf wliicli 
IS depeBdent on the j^osition of the - 
crystal. If the crystal be rotated 
without altering its position in regard H A 

1() the incident light, the bright *Spot ^ 
which belongs to the first beam remains 
in its place, whilst the spot formed by Double nfmetion in 
the second beam, following Ihe move- -par. 

inent of rotation, describes a circle around the other. 

Again, if the crystal be gradually inclined more and 
more to the incident rays, the first beam exhibits no- 
thing extraordinary in its behaviour, but constantly 
pursues the direction it ought to have in accordance 
with Snellius’ law of rcjfraction. Tlicsci rays are con- 
sequently termed the ordltmrihj refracted ones. The 
other beam does not obey this law ; it neither remains 
constant in the plane of incidence, nor is tliere an inal- 
terable ratio between the angle of incidence and the 
angle of refraction ; this ray is consequently said to be 
extraordinarily refracted. 

124. The index of refraction of the ordinary rays 
may be determined in the usual way by moans of a 
prism cut from the crystal. It is then found that its 
index of refraction , (for Sodium light) is 1'6585. This 
number indicates that the velocity of propagation 
of light in air, as compared with the velocity of the 
ordinary ray in the crystal, is as l-658 > to*l, or that if 
the former be equal to unity, the latter is 0*603. 

The law of refmetion of the extraordinary ray is 
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somewhat complicated. From the experiment above 
made, the conclusion may in the first place be drawn 
that the path of these rays stands in a certain relation 
to the form of the crystal. In order to investigate this 
law we must therefore 'first consider with some atten- 
tion the crystalline form of calcareous spar, •Fig. loo 

represents the transparent 
model of a cube formed of 
twelve rods of equal length 
which are united at their 
extremities by hinges. If 
the cube be placed upon one 
of its angles, a, and the 
op])osite angle, fc, bo pressed 
Avith the finger, the whole 
form of the model undergoes 
a change, the two compressed angh's, a and 6, become 
more obtuse, but the other six angles more acute than 
before, and the six originally square surfaces change 
into diamonds or rliombs ; the cube thus altered is 
called a rhombohedron. Such a rlioiiibohedron is the 
primary form of Iceland spar (fig. 150, a). The 
straight liqe, a h (fig. 155), connecting the two obtuse 
angles, is characterised by the circumstance that the 
surfaces, edges, and angles are arranged* symmetrically 
around it. It ia therefore ^ called the axis of the 
crystal. 

The surfaces and borders are inclined equally to the 
axis, and the points of the angles and borders leading to 
them are eqiially distant from it. 

Crystals of Iceland spar are nob unfrequently found 
in whijph the six equal acute angles are replaced by six 
planes paralled to the ax?s qf the crystal. The six-sided 
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columnar prisms witli rhomboliedric ends, shown iii 
ti^ 156, h, originate in this way. 



Crystalline forms of J^Jt-Iiiiul spar. 


In other instances tlje obtnse angles have disap- 
jieared, and arc replaced by surfaces which are perpendi- 
cular to the axis. We have then a six-sided columnar 
crystal with straight terminal planes (fig. 156, c). By 
cutting down the right and left edges, whilst leaving 
the anterior and posterior edges of the column as weU 
as the two terminal surfaces, a rectangular parallelepiped 
is obtained, the upper and lower surfaces of which are at 
right angles to the crystalline axis, whilst the remaining 
four surfaces are parallel to it. 

125. If now a thin beam of light be allowed to 
fall vertically upon the anterior and posterior surfaces 
of such a crystal, the axis of which is vertical, it will 
be seen that a simjle ray emerges from the opposite 
parallel surfacb in direct continuation of the incident 
beam. As soon, however ,^ as the crystal is turned upon 
its axis, so that the beam strikes more and more ob- 
liquely upon its anterior surface, the double refraction 
becomes more and more- obvious; and it may at the 
same time be remarked in regard to the j^right spots 
upon the screen, that the two rays into which tlie 

I beam is divided remain constantly in a plane iper^pendi- 
cular to the axis. Exact investigation shows further 
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that in this case, i.e., whm the plane of incidence is at 
right angles to the axis of the crgstaly both rags foUov) 
Snellivs* law of refraction. If ilierefore a prism be cut 
from a piece of Iceland spar in the manner indicated in 
fig. 156, d, the refracting edge of which, ef is parallel 
with the axis of tlie crystal, the indices of refraction of 
both rays may bo determined by nn^aiis of it in thf‘ 
usual manner. For the more strongly deflected ray we 
find, as before, the ndmber 1*6585, b}' which the ordinary 
refracted ray is characterised. The less refracted ray, 
on the other hand, wliich altliough in this particular 
case it is refracted in the ordinary manner, must be 
estimated as the extraordinjxry ray, gives the ratio of 
refraction 1*48654. It follows from this that the extra- 
ordinary ray is propagated in a plane at right angles to 
the axis of the crystal with a velocity of 1 : 1 *48654, or 
0*67^1, whilst the velocity of the ordinary ray is only 
0*608. 


As the two rays obey the ordinary laws of refrac- 
tion, the construction can be applied to ihem from 
which we deduced (§ 98, fig. 138) the law of refraction 
itself- If, namely, two circles be described around the 
point of incidence, a, with the radii 0*603 and 0*673 
(fig. 157), these will represent the contours of the two 


elementary waves contained in 
the plane at right angles to 
the axis, which have spread from 
the point a in the crystal in the 
time in which the light has 
traversed the length of path 
represented by unity in the air. 

Double refraction. First case. *• ^ 

, Ifao be any ordinarily refracted 

ray, and we draw to tjie^ point o, where it cuts the 
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first circle, a tangent, o b, wliicli strikes tlie surface 
of* the crystal MN a>t the point b, we find the corre- 
sponding extraordinary ray when we join the point a 
with the point e, in which a straight line, b drawn 
from b, touches the second circle. 

FroiA this constmctiou, the results of which agree 
in all points with observation, it follows however that 
the apparently simple beam which, when ils incidence 
was normal, was seen to leave the crystal, really con- 
sists of two fasciculi which have traversed the crystal 
in the same direction, but with diftcrent velocities. 

126. If now the cube of Iceland spar be so placed 
that its axis is at nght angles to the incident rays, 
a single beam is seen to emerge from the opposite 
surface as a continuation of the incident rays ; and 
if the crystal be now, as before, slowly rotated round! 
the axis so that the incident rays constantly strike 
its anterior surface more and more obliquely, double 
refraction is observed to occur, both rays remaining 
always in the horizontal plane of incidence. Thus the 
ordinary ray, as might be expected, behaves itself 
exactly as in the former case, but the less lefracted 
extraordinary ray now no longer follows Snellius’ law 
of refraction. If we would construct vw inn 


it by a proceeSing similar to the 
foregoing, we must, as liKyghens 
has shown, instead of the second 
circle draw an elliiTse the half of 
the major axis of which, a p, is at 



right angles to the axis of the crys- doulic rcfjartion. second 

tal, and is equal to 0*673, but the 

half of the minor axis of which, an, is in the<lirpctioii 


of the axis of the crystal and is equal to 0*603 (fig. 158). 



288 


OPTICS. 


In the plane of incidenfie parallel to the axis of the 
crystal the contour of the elementary waves correspoisd- 
ing to the extraordinarily refracted rays is represented 
by this ellipse, which touches the circular contour of 
the ordinary waves at the terminal points of its diameter 
which is parallel to the axis of the crystal. * 

The same ellij)se in combination with the circle 
included in it also serves for the determination of the 
two refracted rays, when the incident rays strike at any 
given angle of incidence upon the teriniiial surfaces of 
the cube which are at right q.ngles to the axis of the 
crystal, excei)t that now the small axis, a m, of the ellipse 
is at right angles to the surface of entrance, M N (fig. 
159). When the light enters vertically it may also be 
observed in this third x>osition of the crystal, as in the 
two first, that only a single ray leaves the crystal as 
continuation of the incident one ; in the two first cases, 
however, this beam is only apparently simple, being in 
fact composed of two beams, propagating themselves in 
the same direction with difierent 
velocities ; whilst in the case 
where it has traversed the cube 
in the direction of the crystalline 
axis, it is really simple, because 
in this directiod the rapidity 
of propagation a m=: 0*603, is 

Dotilde refraction. Third cum'. , , n it , -i • 

the same tor the extraordinary 
as for the ordinary ray (fig. 159). • 

Rays which pursue a course parallel to the axis of 
the crystal do not therefore undergo any refraction, 
whilst in every other direction two rays are propa- 
gated wi/ih diflFerent velocities. On account of this 
behaviour the axis of the, crystal is also named the 
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optic axis. Every plane passing through the optic axis, 
or parallel with it, is termed a principal section. Thus, 
for example, the planes of the figs. 158 and 159 are 
principal sections, because they contain the principal 
axis within them. All principal sections behave in ea?- 
actly the same manner in reference to light, 

127. A view of the double- shelled elementary wave 
which spreads out from every point of a crystal of Ice- 
land spar struck by light, in consequence of the two 
velocities of propagation, is obtained by combining the 
coji tours represented in fi^s. 157, 158, and 159 in an 
easily intelligible model (fig. 160). Since the ordi- 
nary rays are propagated in all 
directions with the equal velo- 
city of 0'603, their wave-surface 7i 

is obviously a sphere with a 
radius of 0*603. The wave-sur- Yllfn 
face of the extraordinary rays 
exhibits, as we know, in every 
principal section, the same ellip- 
tical coTiio\XT/ZXZ\ ZY7/, the 

. • . X' 1 • T • • • • Wave-Bwrfnco of n negative 

minor axis of which is coinci- uniaxaa crystal? 

dent with the diameter ZZ' of 

the sphere that is parallel with the optic axis. It must 
therefore be represented as a spheroid flattened in the 
direction of the optic axis,^but which everywhere in- 
cludes the spherical waves of the ordinary rays, and 
only touches the optic axis in the terminal points Z and 
Z\ Whilst the axis OZ of the spheroid equals the 


Wave-Bwrfnco of n negative 
uniaxiiil crystal. 


i’adius of the sphere 0*603, the radius of its equator 
(0 0 r= 0 X') amounts to 0*673. 

With the aid of these two-shelled wave-surfacetj the 
refracted rays correspomling to any incident ray 
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may always be determined by a proceeding which is 
exactly similar to that applied to ordinary refractioijL in 
fig. 138. Fig. 161, which likewise makes it apparent 
upon the construction given by 
Iluyghens for the case where the 
optic axis lies in the. plane of 
incidence, but obliquely to the 
surface of the crystal, requires no 
further explanation. 

128. The circumstance that the 
axis of symmetry of the crystal- 
line form is also coincidently the 
axis of symmetry in relation to the 
propagation of rays of light, sug- 
gests that the cause of double refraction of Iceland 
spar is to be sought for in its special properties as a 
crystal. 

Every crystal of Iceland spar is capable of cleavage 
parallel to the surfaces of its rhombohedric fundamental 
form (fig. 156, a) so that it may be easily broken up 
into smaller and still smaller fragments, the surfaces 
of which constantly maintain the same parallel posi- 
tion. These facts prove that the crystalline form is 
only tile external expression of regular internal struc- 
ture, which there can be no doubt is caused by a certain 
orderly disposition of the molecules. 

All known crystals can be arranged in six great 
divisions or systems, in accordance^ with the laws which 
govern the grouping of their molecules. In the crys- 
tals of the regular system, the fundamental form of 
which is the cube, we find constantly three planes at 
light angles to each other (for example, the three 
edgeA that meet at any angle of the cube), which are 


Fir». ifii. 



If Hyphens' am^^tnictioi 
double refraction. 
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completely similar to one another. Such crystals, like 
tliose of fluor spar and rock salt, exhibit no double 
refraction ; they refract light in the same way as non- 
crystalline bodies, glass and fluids. 

Two other systems of crystals, the pyramidal (das 
qnadrat^che), and the rhomhoheAlral (das hexayonale) 
possess one axis of symmetry devcloxjed beyond the 
others. All the crystals belongiug to these syshmjs 
are doubly refracting. Two rays arc propagaitjd in 
them in different directions, an ordinarily and an extra- 
ordinarily refracted ray. , Double refraction is absent 
only in the direction of the axis itself, which is on 
this account named the optic axis. If the extraor- 
dinary rays have a greater velocity than the ordinary, 
the wave-shell corres])onding to them has the form of a 
flattened spheroid which invests circularly the spherical 
wave of the ordinary rays. Ciystals like Iceland spar, 
nitrate of soda, and others, in which this is the case. 
Are termed negative. Those crystals are called positive 
in which, as in quartz, the ordinary rays possess the 
greatest velocity. In these the wave-shell of the extra- 
ordinaiy rays is represented by a spheroid prolonged in 
the direction of the optic axis^ which is everyi?^hgre sur- 
rounded by the spherical ordinary wave, and is only in 
contact with it*at the two extremities of the optic axis. 

The crystals of the thjee remaining systems, the 
right and oblique prismatic, and the anorthic (rhombischen, 
Idinorhombischen upd klinorhomboidischen) are also 
doubly refracting, but neither of the two refracted rays — 
neither the retarded one nor the more swiftly pro- 
pagated one, — obeys in general the ordinary law of 
refraction. In each of these crystals there are fwo axes 
without double refraction, which may be called the optic 
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axes. These ctystals are therefore termed Maaially 
dovbly refracUng, in order to distinguish them from the 
two preceding miaxially dovbly refracUng systems. The 
wave-surfaces of the biaxial crystals consist also of two 
shells, of which one is “enveloped by the other in such 
a maimer that the two are connected with each other 
at four points corresponding to the terminal points ol 
the two optic axes. With the aid of these wave-sur- 
faces the direction ‘of the two refracted rays can be 
determined in a similar way in biaxial crystals as in 
fig. 161 for uniaxial crystals.* 

^ [It must be observed that in this case the surfaces are not spheroids, 
but surfaces of the fourth order,— T b.] 
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POI.ABISATION OF LIGHT. 

129. A BEAM of solar rays is constantly split into 
two beams of equal hrilUgLncy by a crystal of Iceland 
spar, in whatever way this may be rotated round the 
axis of the incident rays. When Huyghens allowed 
these two rays to fall upon a second crystal of Iceland 
spar, he observed to his surprise that each was broken 
up into two rays of unequal brilliancy^ the relative 
brightness of which depended on the position of the 
crystal, whilst there were two positions in which no 
double refraction occurred. From this phenomenon he 
rightly concluded that both of the rays refracted through 
a crystal of Iceland spar acquired peculiar properties, 
by which it was distinguishable from direct solar light. 
In order to distinguish conveniently one of ^he two 
refracted rays from the other, a natural rhombohedric 
ciy’^stal of Iceland spar may be fig. 162 . 

employed (fig. 162, A), which 
is fastened by means of a cork 
ring in a metal tube. The 
tube is closed at both ends by 
a cover perforated at its centre 

, , _ _ , _ Two Tbombobedra iff Iceland spar. 

by the round apertures a and 

A second exactly similar rhombohedron of Ic^eland 
spar is attached to a tube (ij), with a similar opening 
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at both ends. If the tubes be arranged in such a 
manner behind each other that their axes are hcjri- 
zontal, and a beam of parallel solar rays be allowed 
to enter the aperture a in that direction, it will be seen 
that this, on account of its falling i)crpendicularly 
upon the anterior surface of the first crystal of Iceland 
spar, is split (as seen in fig. 154) into two rays, of 
which only the ordinarily refracted one emerges from 
the aperture a-', and reaches the second crystal. In 
this position the jirincipal sections of the two crystals 
running through the ray a a' and the optic axis (the 
direction of which is indicafed by the shading), lie in 
one and the same horizontal plane, namely, in the 
plane of the drawing. 

In this parallel position of the principal section, the 
ordinarily refracted ray emerging from the first crystal 
does not undergo double refraction afresh in the second 
crystal, hut traverses it simply as an ordinarily re- 
fracted ray, without materially diminishing in bright- 
ness ; as soon, however, as the second tube is rotated a 
little either to the right or left, double refraction takes 
place, and the extraordinarily dm well as the ordinarily 
refracted spot of light appears upon the screen. As it 
is turiled further and further, the extraordinary ray, 
which is at first only faint, continually gains in bright- 
ness, whilst the ordinary ray becomes proportionally 
fainter till both rays are bf equal brightness, which 
occurs when the angle between the two principal sec- 
tions is 45°. On turning it still further the brightness 
of the ordinary ray progressively diminishes, and that 
of theextrcordinaiy ray augments, till ultimately, when 
the principal sections are placed vertically, or at right 
anglis to each other, the former has completely dis- 
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a 2 )peared, whilst the latter alone remains shining with 
tlfQ full strength of the ray falling on the crystal J?. 
The ordinary ray again begins to appear as the rotation 
is continued, and progressively |^ain8 in brilliancy with 
tlio coincident and increasing faintness of the extraordi- 
nary ray until, after rotation to tlie extent of two right 
Singles, the 2>rincipal sections of the two crystals again 
coincide, when, as at lirst, the ordinary ray is alone 
j>resent in its original brilliancy. “ The same series of 
2 >lienomena arc repeated when by further turning the 
second crystal is rotated ^hrongh two right angles, till 
it a-irives at the position which it originally had. The 
ordinarily refra,cted ray emerging from the first crystal, 
the iirincipal section of which is horizontal, thus gives 
rise either to an ordinary ray only, or to an extra- 
ordinary ray only, according to whether the x^’incipal 
section of tlie second crystal is parallel, or at right 
angles to it, and the double refraction which it un- 
dergoes in other positions takes j)lace symmetrically on 
both sides of the horizontal and of the vertical plane. 

If every ray liad the same properties around its axis 
of movement, it would* always produce the same jjheno- 
mena whatever might be the direction in which the 
second crystal of Iceland spar was tunied. Its actual 
behaviour however shows clearly that its upper and lower 
sides are different from it^ right and left sides. Such 
a ray possessing different sides is said to be polarised. 

1 30. The knowledge of the fact that there are rays 
of light with different sides, constitutes an important 
step in advance in our enquiries into the nature of the 
undulations of light. Hitherto we have 6nlj known 
that the particles* of aether arranged seriallv in the 
direction of a ray of light performed to and iro tnove- 
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inenis, but in regard to whether the direction of these 
vibrations takes place in the direction pursued by the ray 
itself, or forms an angle with it, the phenomena of light 
already considered afford no clue. However oblique to 
the direction of the ray the rectilinear vibration of an 
aether particle may be, we may, in accordance with the 
general laws of motion, regard it as composed of two 
vibrations, of which one, the longitudinal vibration, 
takes place in the direction of the ray, whilst the other, 
the transverse vibration, is at right angles to the ray. 
Consequently in regard to the direction of the vibra- 
tions in any ray of light, we have only the choice of 
three possibilities : they may be exclusively longitudinal 
vibrations, exclusively transverse vibrations, or coin- 
cidently longitudinal and transverse vibrations. 

A ray of light which only presents longitudinal vi- 
hrations must exhibit everywhere the same characters 
around its line of propagation. This view therefore, 
since it is incapable of explaii^ing the laterality of the 
polarised ray, must be unconditionally thrown aside. 
The phenomena of polarisation, on the other hand, can 
be at once explained if it be admitted that transverse 
vibrations are present. For if we suppose that in a 
horizontaF ray of light, a'h (fig. 162), the transverse 
vibrations only take place vertically upwjird and down- 
ward, but not sideways, its upper and lower side, 
towards which its vibrations* are alternately directed, 
must obviously be different from its right and left 
side. 

If now in the ray of light, a' 6, longitudinal vibrations 
as well as tninsverse be present, they must pass through 
the second in the same way as they traverse the first 
crystal. Whatever may be the position given to the latter. 
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But we have seen, however, that when the crystals 
aise placed with their principal planes at right angles 
with each other the ordinary refracted ray disappears, 
and it may easily be demonstrated that at that spot of 
the screen where it ought to fkll, not only is there no 
light but no heat, and no fluorescent action ; the fact 
that at this spot where the longitudinal vibrations 
in case of their existence must necessarily fall, none 
of those actions occur which wie now know to bo 
characteristic of the aether waives, is most readily 
explicable on the assumption that in a polarised ray 
of light ihevG are 710 longitudinal^ hut only transverse 
vibrations. 

Fig. 163 represents consequently a polarised ray; 
the 27lane in which its transverse vibrations take place, 
the plane of the paper on which the figure is drawn, is 
called the plane of vibration. If a second plane be carried 
across the ray at right angles to the plane of vibration, 
the ray behaves itself symmetrically in reference to 
these two planes. 

Experiment tells us that the refracted ray emerging 
from the first ciystat of Iceland spar (the principal 
section of which is horizontal), is symmetrical in rela- 
tion to planes carried through it in a horizoirtal and a 
vertical direction, but it does not tell us which of these 
two planes is the plane of vibration; and as other 
experiments directed to the solution of this question 
have not hitherto enabled us to give a decisive reply, 
we may accept whichever of the two planes we please 
as the plane of vibration. We prefer the vertical, that 
is to say, we admit that the vibrations of th^ ordinarily 
refracted ray are ^vertical or at right angles to the 
principal section of the crystal. • 1 
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131. And now let tlie aperture a! be made in a 
email slide wliieli can easily be placed in such a position 
that the extraordinary ray can alone emerge from the 
tube. If this be now examined in the same way as 
before by moans of the‘ second crystal, wo see upon the 
screen when the principal 2 >la.nes are parallel «the ordi- 
nary, and when they decussiite at right angles the 




I’olariMil ruv of lijrlit. 


extraordinary, ray. The (extraordinary ray proceeding 
ii-oin the first crystal at once demonstrates itself to be 
polarised, and indeed polarised at right angles to the 
ordinary ray ; tha.t is, if we regard the vibrations of the 
ordinary ray as being at right angles to the principal 
plane, and thus the vihraiions of the extraordinary rag are 
in the plane of the principal section itself 

132. The two polarised rays emerging from the 
Iceland spur contain, we must conclude, no longi- 
tudinal* vibrations. The question arises wdiether the 
longitudinal vibrations are lost in their passage through 
the crj^stal from some absorptive action it possesses, or 
whether they are already absent in the direct rays of 
the sun. To obtain some dafa for an answer to this 
question, the first crystal, A, must alone be used, and the 
little cover a' must be removed from its frame. The 
two light spots belonging to the ordinarily and to the 
extraordinarily refracted rays then, reappear upon the 
screen, £ind keep their original brilliancy in whatever 



POLARISATION OF LIGHT. 


299 


direction tlie crystal is turned. If the cover a be now 
removed, and its place supplied by another having a 
larger aperture, the light spots become correspondingly 
larger, though the space between their middle points 
is not changed; they are so large indeed that they 
l)artially overlap each other. In the part common to 
both, where, namely, the transverse vibrations of the 
ordinary mingle with those of the extraordinary rays, a 
(logree of brightness is produced u][K)n the screen which 
is not materially less than that of the direct light of the 
sun after passing through the same aperture without 
the intervention of the crystal of Iceland spar.* 

If therefore longitudinal vibrations be present in the 
direct solar light, they nevertheless produce no obvious 
effect, or rather none of those effects which we ha.ve 
learnt to ascribe to the sether waves proper. The most 
probable view which presents itself in this respect is 
therefore that* the unpolarised natural light, like the 
polarised, has no longitijdinal vibrations, but consists 
only of transverse vibrations. This view receives essential 
support from the circumstance that all the known phe- 
nomena of light are only perfectly explicable on the 
assumption that light consists exclusively of transverse 
vibrations.f 

* Tlio slight diminution in the intensity of the light which may he 
tiemonstratod in the light which has traversed tlie Icehind spar, is fully 
accounted for by the two reflexions flrom the anterior and posterior surfaces 
of the crysUil. 

t It results from the laws of wave-movement that longitudinal 
vibrations, if present at all, must bo propagated with unequal and greatc'r 
velocity than the transverse vibrations, and consequently would alreatly far 
outstrip them at even a small distance from the source of light. Since, 
moreover, the dispersion of colour can only bo explained upon the ad- 
niission of transverse vibrations, we are perfectly justified on these theo- 
retical grounds in holding these last only to be luminous vibratioii^ 
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133, If the portion of light emerging from the 
Iceland spar common to the two beams be somewhat 
more closely examined, for example by allowing it to 
fall upon the second crystal, it will be found that it 
behaves just like natuhil non-polarised light. By the 
combination of these two rays of equal brilliancy ^^olarised 
at right angles to each other, ordinary natural light is pro- 
duced, and conversely, every ray of natural light may 
be regarded as being composed of two eqtially bright 
rays polarised at right angles to each other. It is con- 
sequently of no importance what direction wo assume 
for the vibrations of the one ray, if only it be admitted 
that those of the other equally bright ray are perpen- 
dicular to them. 'For the everywhere similar vibrations 
of the part common to the two beams present no varia- 
tion in whatever manner the crystal is rotated around 
the axis of the draw tube ; in every position the two- 
sidedness of the one ray is completely neutralised by 
the opposite two-sidedness of ^the other. 

Two rays i^olarised at right angles to each other 
produce, as Fresnel and Arago have demonstrated by 
experiment, no phenomena of Interference ; they pro- 
duce on the contrary (whatever may be their difference 
of patll;*always the same degree of illumination, that, 
namely, which is equal to the sum of t-he two rays in 
co-operation. It is evident in fact that two motions at 
right angles to one another cannot neutralise each 
other. Two polarised rays however, having a common 
source, that is to say, which originate in one and the 
same polarised ray, may clearly do so if their planes of 
vibration coincide. Two rays of natural light which 
proceed from the same source art therefore always 
capable *of interference for if either of them be con- 
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ceived to be broken np into its two polarised con- 
stituents travelling in the two planes at right angles to 
each other, then those pairs of these four rays which 
have a common plane of vibration will act upon each 
other, and according to the amount of their common 
(liffcroncp of path, coincidently abolish or strengthen 
each other. 

184. The velocity with which a vibratory movement 
is propagated in an elastic medium is not simply 
dependent upon the density of the medium, but also 
upon the elasticity which this possesses in the 
direction of the vibratioh. In free space, in air, in. 
water, in glass, and speaking generally in all simply 
refracting bodies, the elasticity of the aether is in all 
directions the same* The two constituents of a natural 
ray of light vibrating at right angles to each other 
propagate themselves therefore always with equal velo- 
city, and remain throughout the whole of their path 
capable of being reunited to form a natural ray of light. 

The mechanical disposition of the molecules in a 
doubly refracting crystal is the cause of its physical 
properties differing ip different directions. In a 
crystal of this kind it may be demonstrated that heat 
is propagated with unequal velocity in differeawt direc- 
tions, that it expands unequally when heated, and that 
its various surfaces show difFerent degrees of resistance 
to cleavage, and to the chemical action of various 
reagents. The view therefore appears to bo justified 
that the elasticity of the sether contained between the 
molecules of the crystal is different in different direc- 
tions. In crystals with an axis of symmetry for 
example, we must admit that the elasticity around and 
at right angles to the axis is of one kind, whilst ^it is 
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different in the direction of the axis itself, and con- 
tinually changes in passing from this direction into the 
former. 

This theory renders it intelligible why the two com- 
ponents of a ray of natural light vibrating at right 
angles to each other in traversing a crystal of tjfis kind, 
break up into two polarised rays which are propagated 
with unequal velocity. It is only when the ray of light 
follows the optic axis itself that its two compovmts 
vibrate at right angles to this, and call into play equal 
elastic forces ; they are hence propagated with equal 
velocity, and continue in thfiir further path united to 
form a ray of natural light. 
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135. In double refraction, which breaks up every 
beam of natural light into two polarised rays, we possess 
an excellent means of j)rocuring polarised light. But 
inasmuch as the two beams when reunited are capable 
of again forming natural light, it is necessary to devise 
some method of setting one of them aside. This, for 
example, can be done by fixing a rhombohedric crystal 
of calc spar, as in fig. 102, Ay in a tube which is 
closed at its extremities with appropriate caps. In 
order that the ordinarily refracted ray may emerge 
separately from the tube, the diameter of each of the 
two openings,- a and a', in the middle of the caps should 
amount to about only the tenth part of the thickness of 
the calc spar. If these limits be overstepped, a portion 
of the extraordinary ray will also pass out through the 
opening o', an(^ wo shall no longer be dealing with 
completely polarised light. Applied in this way as a 
‘ polariser,* even a very large crystal of Iceland spar can 
only give a very thin beam of polarised light. In order 
to employ this valuaTble material to greater advantage, 
Nicol conceived the following ingenious idea. He ob- 
tained, by cleavage from a crystal, a four-sided column 
with rhombic terminal surfaces, so that the chief sec- 
tion through its obtuse lateral angles a g and *e had 
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the form of fig. 164. The prism is now to be sawn 
asunder along the line h c, that is, in the direction frpm 
one obtuse angle e to the other, at right 
angles to the principal section, and the 
two cuff surfaces, after they have been 
polished, are to be again cemented to- 
gether in their original position by 
means of Canada balsam. 

If a ray of natural light, m w, fall on 
the rhombic anterior surface, a e, of the 
Nicol’s i)^lsin,* it breaks up into an 
ordinary refracted ray, and an ex- 
traordinarily refracted one, no. The 
former, the index of refraction of which 
(1*6585), is greater than that of Canada 
balsam (1*53), strikes so obliquely upon 
the surface of the cement that it can- 
not penetrate it, but undergoes complete reflexion. 
The extraordiriaiy ray, on tho other hand, which pro- 
pagates itself Avith greater rapidity in Iceland spar than 
in Canada balsam, penetrates the latter under all cir- 
cumstances, and leaves the posterior surface, d gf, as a 
completely polarised ray, r s, the vibrations of which, 
in my opinion, are parallel to the principal section, 
aedg. ' 

A NicoPs prism thus permits only those vibra- 
tions to traverse it that are parallel to its principal 
section, whilst it is completely opqque for rays which 
are at right angles to the principal plane. For the sake 
of convenience it is fixed in a metal frame, which is 
not usually provided with a diaphragm, for all the rays 

* Often termed for the sake of brevity the ‘ Nicol.* 
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rliat fall parallel upon the first surface, m w, issue from 
the second as a completely poluTised fasciculus of pa- 
Tn,fl(il rays, the breadth of which amounts to about a 
Ihird of the length, of the piece of spar employed. 

The Nicol’s prism, as well as, speaking generally, 
every ^ polariser,’ can also, conversely, be made use of 
as a ‘ i^ofariscope,’ that is to say, may serve as a means 
of recognising any ray of light as being polarised, and 
determine the position of its plaice of vibration. If 
for example 7tatural light fall upon a Nicol’s prism, a 
polarised beam issues from it which maintains con- 
stantly the same degi'oe of brilliancy in whatever 
manner the Nit'ol’s prism be rotated around the direc- 
tion of the incident rays. In fact, in every position of 
iJie NicoPs prism, half the incident light traverses it 
as polarised light. If on the other hand polarised 
rays be allowed to fall upon a Nicol’s prism, they are 
only perfectly transmitted when its chief section is 
parallel with the plane of vibration of the incident 
rays ; hut if the Nicol bfe rotated out of this position, 
Ihe transmitted light becomes constantly more and 
more faint, and ultimately entirely vanishes when the 
chief section of the Nicol is at right angles to the plane 
of vibration. 

136. The Nicol’s prism may now be applied as a 
polariscope to the investigation of tlie light reflected 
horn a plate of mirror-glass which has not been sil- 
vered. A beam of natural light, ah, is allowed to fall 
upon the glass plate* R 8 (fig. 165) at any angle, and 
reflected towards c. If the NicoPs prism be placed 
hi the path of the ray h c, and rotated arouiijjj this ray 
•IS an axis, it will bo observed that the transmitted 
hght is sometimes brighter, sometimes fainter, thopgh 
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it does not entirely vanish in any position of the Nicol's 
prism. The lij^ht reflected from the glass plate is con- 
sequently neither natural light, nor is it completely 
polarised. Its behaviour is ra- 
ther as if it were a mixture of 
natural and polarised hglit, and it 
is therefore said to lx; jfartialhf 
polarised. The Nicol, in what- 
ever position it may be placed, 
allows one half of the unpolar- 
ised constituent to pass through, whilst the polarised 
eoiistituent is exiinguished or transmitted according 
lo whether the principal plane of the Nicol is at right 
angles io, or parallel with its vibrations. In order to 
determine the plane of vibration of the polarised por- 
tion, it is only necessary to place the Nicol in such a 
Ijosition that the transmitted light is as faint and feeble 
a.s possible. This takes place when the principal 
section of the Nicol comes to lie in the plane of inci- 
dence, a h c. From which we draw the conclusion, that 
the plane of vibration, d f I m, of the polarised light con- 
tained in the reflected beam, w at right angles to the 
pla/iie of incidence^ a b c, 

Th^ proportion of the polarised portion to the non- 
polarised varies with the angle of incidence. With 
vertical incidence for example, the reflected beam con- 
tains no polarised light, but if the angle of incidence 
amount to 57°, or if the incident rays form an angle 
(abh) of 33° with the glass plate, the unpolarised por- 
tion is entirely absent. At this angle of incidence, which 
is known ‘as the polarisation anghy the light reflected 
from the glass plate undergoes tomplete polarisationt 
and* its vibrations take place at nght angles to the 
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plane of incidence (or parallel, d f) as is indicated by 
life wave-line in the fig;ure. 

Id7. A glass plate placed at this angle, since it 
only reflects vibrations at right angles 
to the plane o*f incidence, thus forms 
an excellent ‘ j)olariser.’ Instead of ex- 
amining the rays reflected from it by 
means of a Nicol’s prism they may 
be received at ihh same angle on a 
second glass i)late (fig. l(>f>), which then 
plays ih^ part of a polariscope. If the 
two ifiates, as in the figure, are parallel 
to each other, their planes of incidence 
are parallel, and the ray h c, the vibra- 
tions of wliicli are at right angles to ihe plane of 
incidence common to both, is reflected from the S(‘Cond 
plate to cd. But if the second plate be rotated 
from this parallel position whilst it still forms the 
angle 8^1° with the direction of the ray h r, the light 
reflected from it becomes weaker 
and weaker till it entirely dis- 
appears when the two planes of 
incidence are at right angles to 
each other. For in this crossed 
position the* vibrations of tlie 
ray h c lie in the plane of incid- 
ence of the second plate, and 
are not reflected, , because only 
those vibrations that are at right 
angles to their plane of incidence 
are capable of ^reflexion. In Biot-s potoing .ppmto,. 

order to arrange this experiment conveniently, the 
apparatus shown in fig. 1Q7 .may be employed. To 
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one end of a tube blackened in its inside a mirror 
of black "lass, D 7?, is so attached that it forms ^ii 
angle of witli the axis of the tube. Rajs whieli 
run parallel to the axis of the tube from D to C, an^ 
reflected at the mirror tiider the angle of polarisation, 
and are therefore completely polarised. A second black- 
ened mirror is attached to a ring at the other end of the 
tube, which is likewise iiicliued at an angle of 83® to the 
axis of the tube, airl by rotation of the ring can be' 
brought into the difiereut positions required in this ex- 
j)erimeiit. A blackened mirror is selected in order to 
avoid ti’ausinitted uiipolarised light, which might be 
mingled with the light polarised by reflexion. Silvered 
mirrors cannot be employed as polarisers, because they 
do not completely polarise the reflected light under aiiy 
angle of incidence. 

Every kind of apparatus which, like that .just 
described, constructed by Biot, is composed of two 
polarising arrangements, of which one acts as polo, riser 
and the other as polariscojie, is called a polarising ap- 
pOTatiis. The apparatus of Norremberg, shown in 
tig. 168, is the best adapted for ‘the greater number ol' 
exi:)erin]ents. A transparent plate of mirror-glass, G D, 
here acf§ as a polariser, and forms, with the vertical 
axis, n c, of the instrument an angle of 38® ; the light 
incident in the direction m n, which is completely po- 
larised, is in the first instance deflected vertically down- 
wards, and from thence it i ; reflected vertically upwards 
again upon itself by a mirror, c, fixed in the foot of the 
instrument, so that after it has traversed the glass 
plate, G D,dt can reach in the direction of the axis of 
the apparatus the black mirror, G' J/, acting as polari- 
scopei The ring % to which two columns, a' and V, are 
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attached, supporting this mirror, revolves within a fixed 
riflg Ki divided into degrees, and supported by the rods 
a and h. The zero of the di- 
visions of the fixed ring is so 
aiT.anged that wlien the iiidi- 
(*ator i oi the rotating ring is 
jdaced upon it, the plane of 
incidence of the mirror (7 />' 
is parallel with that of the 
glass plate C D, In the pre- 
sent position of the instru- 
Jiieiit, the planes of incidence 
are at right angles (the in- 
dicator standing at 90°) ; tlie 
light coming from below is 
therefore not reflected by the 
mirror C //. 

138. Moreover the light 
transmitted by a glass ;^late 
at an acute angle, when ex- 
amined with a ^NicolXprisiu 
is found to be partially polar- 
ised^ and the vibrations of the 
polarised portion are con- p^! 

stantly in the plane of incir^ , 

^ •' Aorrpnibp ^ pnlnrwinpr apparatus. 

dciicey or in other words the 

transmitted light is polarised at right angles to the re- 
flected light. As Arago has shown, the quantifies of 
light polarised at right angles to each other in the re- 
fracted and in reflected rays are cqiiiil to ej|ch other at 
every angle of incidence. But whilst the reflected light 
at a determinate angle of incidence, namely, at khe j)olar- 
ising angle, appears to be ©omidetely polarised, some 
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anpolarisod is mingled witli the transmitted light ; it 
is always only partially polarised, whatever may he the 
angle selected. 

In the same manner a nearly complete i)olarisation 
of the transmitted 'rays may be effected if, instead of a 
few, a sufficient nujuber of glass plates be superimposed 
upon each other. If a ray of natural light fall upon 
such a scries cf plates placed at the polarising angle, 
and we conceive the* same to be brohen up into its two 
halves, of which or.e vihraies in the jdane of incidence 
and the other at riifJit antjlr^ to it, the former half, 
because on account of the directioji of the viimition it 
is incapable of reflexion, is transmitted through all 
the lamium almost without loss. Th(i other half, on the 
contiary, undergoes at vach surface a partial reflexion, 
and owing to these repeated reflexions becomes so 
ffiint as to bo no longer pei ceptible. Of those rays which 
are presented to a succession of glass plates of this kind 
at the polarising angle, only siucli are transmitted, to 
any marked extent, as vibrate parallel to the plane of 
incidence, and the plates can therefore be used for a 
polariser as w^ell as for a i)olarisc&pe. 

Fig. iCiJ) shows a Norremberg’s polarising apparatus, 
the polariscope of which is the glass plale, Tin* 

light polarised by the glass plate A /?, ia extinguished 
when the plane ol incidence is coincident with that ot 
the series of plates, Cl). This arrangement offers thi> 
advantage, that the visual line of the observer, whilst 
the polariscope is rotated, can remain constantly in the 
direction of the axis of the instrument, whereas in the 
instrument ^cpresentc*d in tig. 1()8, the eye is compelled 
to follow the movements of the blackened mirror. The 
same ^object can iilso be more conveniently attained 
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when the generally somewhat expensive Nicol’s prism 
is*ipplied as a polari scope* 

loD. After Malus, in 1810, 
liad discovered the polarisation 
of light reflected and refractc^l 
through glass plates, he showed 
further that almost all reflecting 
surfaces, with the exception of 
metallic ones, were capable of 
polarising light, but that the 
polarising angle at which this 
took place diflered for diflenmt 
substances. That, for example, 
required in the case of Water is 
Tj;!® ; for Carbon bisuljfliide 51^° ; 
for Mint-glass 00°. From these 
vahies it appears that the po- 
larising angle of any siibstancii 
incr(»a.ses with itsrefractfng power 
for light. Malus was, however, 
not in a position to a,s,(iertaiii this relation, and its dis- 
covery was reserved for tlie ingenuity of Brewster, who, 
in 1815, found, that the jiolariahtg avcjle w avgle of 
'hi(\idv‘))ce at which the rcjtevinl, fonna a right angle with 
the refracted rag. 

Tliis law supplies an additional means for the deter- 
mination of the index of refraction, the iiion^ valuable 
since it can be us<?d in the case of substances having 
only a small degree of transparency, and to which the 
former or i)risniatic method (§ 35) is no^ ap 2 )licable. 
For just as by nieuus of Brewster’s law, we can deduce 
the polarising angle from the known ratio -of refrac- 
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tion, so, conversely, we can obtain the ratio of refraction 
from the polarising a.nglc. • 

The indices of refraction of Anthracite, 1'701 ; Horn, 

1 *505 ; and Monilite, 1 *482, given in the tables, have 
Mins been ascertained ironi observing the polarising 
iingle. As tlie indices of ndraction of the diftereiit 
(ioloured rays jire unequal, their poLirising angle, though 
perhaps only to a small extent, must also differ ; white 
light can therefore never bo conipl(‘tely polarised by 
reflexion, but only one of ils Iioniogeneons colours, 
whilst the rest only approximate to complete polari- 
sation. 

The midulatory theory, as Fresnel and (Aiucliy have 
shown, also gives an intelligible and satisfactory ex- 
planation of the phenomena of polarisation by reflexion 
and refraction. From the law of conservation of energy, 
which requires that the miergy of the reflected and that 
of the refracted wave should be iogetlier equal to 
Miat of the incident wave, as w<^ll as from the condition 
that the amount of motion at the line of junction of 
the two media must be equal, we are enabled to calcu- 
late the nature of the reflected 'and of the refracted 
rays. From such a calculation the laws of Arago 
(§ 138) atfd of Brewster (§ 139), obtained by cx])Oriment, 
follow directly, and in all other respects i^ proves to be 
in complete unison with the results of observation. 

140. As bas been demonstrated, the colours of trans- 
parent bodies originate in the absorption which certain 
Immoge neons colours, that is to say, rays of a definite 
number of vibrations, undergo in their passage through 
those bodies* In the case of coloured doubly refracting 
crystals the amount of absorption 'is dependent not 
simply^ on* the number of vibrations of the transmitted 
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rays, but also upon the angle 'which the direction of 
their vibrations forms with the optic axis of the crystal, 
a circumstance which gives rise to a remarkable pheno- 
menon which may now be investigated. 

Let a small cube of Pennine, a mineral belonging to 
the rhoihbohedral system of erystiils, in which the planes 
of two opposite suiTac(?s ai’e at right angles to the oj^tic 
axis, whilst the others are parallel to ii, be selectcHl. 
Tf the observer look tliroiigli the cube in the direction 
of the optic axis, it aiDpears to be of a dark bluish green 
colour, whilst when lookiid at from the sides it has a 
bi’owTi colour. This peculiarity is called dichroism. 
riiese two colours will be sc'eii on the scn^en if the 
sun’s rays be transmitted through the crystal first in 
one direction a.nd then in the other. The bluish green 
light which has traversed the crystal along its optic 
axis contains only those natural rays the vibrations of 
which fire at right angles to the oj)tic axis. The olive- 
green light, on tlic‘ other iiand, is composed of ordinarily 
refracted rays, which vibrate at right angles, a.nd of ex- 
traordinarily refracted rays, wliicli vibrate parallel to the 
axis. These two constituents may easily be separated 
from one another by a Ni col’s prism plac^^d behind 
the erystallirie cube. For if the principal section of 
the Nicol’s prkm be placed at right angles to the 0])tic 
axis of the cube of Pennine, the same hlnish green colour 
appears upon the screen which was previously observed 
in the rays that had, traversed the crystal in the direc- 
tion of the axis, but if the Nicol he placed parallel to 
the optic axis, the bright spot upon the screen appears 
brownish yellow. The rays of light traversing a crystal 
of Pennine consequently experience an amount and kind 
of absorption varying according to wlietlier tlieir fibra- 
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tions are at right angles to or parallel with, the axis ; in 
the former case they apj)ear bluish green, in the secotid 
brownish yellow, ami the above-mentioned brown is only 
the mixture of these two colours. 

A Kuinirkable - inequality in the power of absorp- 
tion according to the direction of the vibfations is 
shown by Tourmaline^ which even when only of mode- 
rate thickness completely extinguishes ordinary rays. 

A plate *of 'JV)urinaline, cut parallel to the 
oj)tic axis of the crystal, allows therefore 
only the extraordipary rays vibrating parallel 
to the axis of the crystal to 2 ->ass through it, 
and can therefore act as a polariser as well 
as a polariscope. 

A coinbination of two Tourmaline plates, 
as shown in fig. 170, forming the so-called 
Tourmaline forceps or tongs, constitutes the 
simplest of all polarising U 2 )paratiis. In this, 
for the sake of convt'iiience, the plates are 
fastened by means of cork discs in wire 
rings, in whiidi tln*)^ can be nnide to rotate. 
J3y means of a coihid elaslic wii-e they can 
Toumiiiiiiu?-* be gently 2 )rossed together so tliat any object 
2»laced betw(»eii them which is requir(‘d lo 
be seen -with 2 >o]iirised light is held as‘^if by a pair ol 
tongs or force^^s. 

If tlie ])lates be placed in sucli a position that their 
axes are parallel (fig. 171), the light of the sun tra- 
veu'ses them just as it would through a single plate ol 
the same tjiickness as the two together. But if one of 
the plates be rotated, the traiismi.tted light becomes 
fainter and fainter, till when the axes of the two are at 
right angles it entirely disappears. 
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The yellowish brown or brownish green colour 
wltioh the Tourmaline communicates to transmitted 
light seriously interferes with its applicability as a 


Fia. 171. 



Tourmaline plates placed parallel Tourinahne ijiates pliKCil at right 

to cadi other. angles. 

polarising apparatus, for which its simplicity would 
otherwise render it very well adapted. 
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CHAPTER XXIV. 


INTEjRFEI^ENCE owing to double refraction. 


141. Very few crystals exhibit the phenomena of 
double refraction so distinctly, ^is Iceland spar ; in most 
instances there is so small a di Here nee between the two 
velocities of propagation that the splitting or decom- 
I)Osition of «an incident beam into two fasciculi of rays 
can only be perceived when, as seldom happens, the 
crystals can be obtained of considerable thicdniess. The 
circunistaiKje, however, tha.t the two rays resulting from 
double refraction are always •polarised^ renders it pos- 
sible to recognise even the -slightest amount of double 
refraction, a.nd to investigafe its laws. 

With this object in view, two Xicol’s prisms, A and B 
(fig. 173), placed horizontally one behind the other, are 
employed a,s a polarising appa- 
ratus. The first, the principal 
section of wliicii is vertical, 
gives a parallel beam of verti- 
cally vibrating polarised rays 
which are mot transmitted by 
the second, the principal section 
of which is horizontal. The 
screen therefore is perfectly 
dark, tb^ darkness continuing when a plate of any 
simply refracting substawse, as for example glass or 
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rock salt, is introduced between tbe two Nicols. If, on 
tbo other hand, a lamina of a doubly refracting crystal, 
as for example li natural rhoiiibohedroii obtained by 
cleavage of Iceland spar, bo placed at 0, the screen ap- 
pears altmuitdij darlc and Vnjht'oB the lamina is rotated 
around ihe axis of the rays. 

This behaviour admits of an easy explanation. If a 
vertical line, M N (Hg. 171), be conceived to be drawn 
upon the screen, the position of ilie principal section 
of the first Nicol’s prism, which 
serves as a polariser, is obtained ; 
and in the Siime way the fiorizontal 
line, P Q, represents the principal 
section of the second Nicol, which 
plays the part of a polariscope. 

The plate of spar is now introduced 
between the polariser and the 
polariscope, in the first instance 
in such a way that its principal 
section coincides with tlie direction of the vibration, 
P of the second Nicol. The rays emerging from the 
first Nicol, which vibrate parallel to M N, undergo 
only ordinary refraction in the crystalline plate. They 
traverse it without changing the direction of their 
vibration, aiid^ are extinguished by tlie second Nicol. 
Ill the same way extinction must also occur when the 
principal section of the plate coincides with the 
plane of vibration, M N, of the first Nicol, for in that 
case all the rays * pa as extraordinarily refracted 
rays through the ciysUil, whilst they preserve the 
original dircc.tion of vibration, M N. If the principal 
section of llie crystalline plate be brought into the 
position R S, it only allows, in accordance the 
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laws of double refraction, those vibrations to traverse 
it wbicli run in R8^ or at right angles to it, UY, 
The undulation, M iV, as it emerged from the first 
Nicol, can now, since it forms an acute angle with the 
principal plane, R 8^ neither be continued completely in 
the ordinary nor in the extraordinary niy ; am the 
contrary, it breaks up, in accordance with tlie laws of 
motion, into two undulations, of which one, running in 
RS^ traverses the ‘Crystal as an extraordinary ray, 
whilst the other, vibrating at right angles to tlici 
principal section (in U F), becomes an ordinarily re- 
fracted ray. 

Two rays thus reach the second I^icol, of which one 
vibrates in R the other in UV, As the Nicol only 
transmits undulaiions which occur in its principal sec- 
tion, P Q, each of these two rcays is again divided into 
two parts, of which one vibrates in R Q, the other in 
M K. The two sub-rays whose undulations are at riglil 
angles to P Q, are not transmitted by the Nicol ; the two 
other sub-rays, however, which take place in its principal 
section, P Q, penetrate it, and illuminate the screen. 

We thus sec that a doubly refracting plate, placed 
between two Nicols at right angles to each other, causes 
the field of vision or the screen to be dark in two posi- 
tions, when its principal section coincUes with that 
of either of the two Nicols. In every other position 
light passes through it, and the screen is illuminated.* 
This behaviour is a positive proof of its doubly refract- 
ing nature. 

142. Of the two sub-rays which, vibrating in 
the same plane, P Q, leave the second Nicol, the first 


* ^Exetpt only when the plate in cut at right angles to its optic axis. 
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originates tlie ordinary, the other the extraordinary 
riiy, of which each propagates itsedf with its own velo- 
city tlirougli the* crystal pla.te. The one consequently 
lags behind the other to the extent proportional to 
■the thickness of the lamina. 'In cjonseqnonce of this 
difh'reiK-e of path iialnced by double redVaction, the two 
rays polarised in a common plane of vibration occasion 
interference, whicli betrays itself when the difference of 
I)ath is not loo gre^at, by beanrirnhcolonr ihenoinena. 

The plate of Iceland spar used in the above ('xperi- 
inent is too thick to show the etfecU of interterenee. 
If it !)(' intended for this ]Mirpose, it must be rendered thin- 
ner by grinding. , Crystallised gyiisnm, a biaxial doubly 
refracting crystal which cleaves easily int,o thin lamiine 
(Selenite) is a convenient substitute for the J(*eland 
s])ar in these experiments on the phenomena of inter- 
ierence. If such a plate of Selenite be placed between 
the crossed Nicols, it behaves like the, ])late of Iceland 
s[)ar ; in two positions^ of the lamina, in a direction in 
which wha,t we shall term its principal section is parallel 
or at right angles to the direction of vibration {M JV, 
fig. 174) of tlic polariser, the screen remains dark, but 
in every other position it exhibits colours, which are 
brightest when the principal section of tlie lamina 
makes an angle of 45® with the axis of vibration of the 
first Nicol. 

The lamina which is now in this position between 
the Nicols exhibits a beautiful red colour, originating in 
the interference of the two sub-rays vibra-ting in P Q. 

If the second Nicol be now rotated from the 
crossed position, the screen indeed con^nues to be 
illuminated, but Mihe coloration diminishes in bright- 
ness, and is ultimately replaced l^y perfect i white 
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light, when the axis of vibration of the Nicols forms 
an angle of 45° with each other. T£ it be turned still 
further, a greenish colour appears, which finnlly, when 
the principal seel kmis of the Nicols are parsilhd, becomes 
of a hriijid green. This Colour is the result of tlie inter- 
action of ilie two part rays vibrating to M N.^ These 
colours — red and green — which the plate of Selenite 
exhibits when tiie two Nicols are parallel to or at right 
angles with one another, wlien combined, produce toMte. 
This can be immediately demonstrated by replacing the 
second Mcol with an ordinary crystal of Iceland spar 
(fig. 1 G2, B), the prijicipal seclion of which is parallel to 
that of the first Nicol. It is traversed by both pairs of 
rays — those vibrating in P Q as well as those in MN — 
in consequence of which the former undergoes ordinary, 
the latter extraordinary refraction ; two coloured images, 
the red and the green, are therefore now seen at the 
same time upon the screen, so placed, however, that they 
partially overlap. The part common to the two images 
when these colours are blended is pure white. 

14^5, That the colours must be most lively when the 
principal plane of the lamina of Selenite forms aji angle 
of 45° with the principal section of the polariser is 
easily demonstrated, for the two co-operating divisional 
rays are then equal in the intensity of tl\cir light, and 
the interference which gives rise to the colours is as 
complete as possible. 

The reason that the colours observed in the crossed 
and parallel position of the Nicol are complementary 
to each other, is as follows. Let us suppose that a 
ray proceeding from the first Nicol strikes the 
anterior sur^ice of the lamina in 'the point 0 (fig. 
174), rfinJ communicates at a certain given moment 
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to the particles of setter at 0 a motion in the direction 
0 JIf, that is to say, upwards. Owin«^ to the double re- 
traction of the plate of Selenite placed at an angrle of 
to"’, this motion is decomposed into two — of which the 
one is directed to the right *arul upwards {OR), the 
oilier tp the le/t and upwards {OU). The former is 
decomposed into a motion upwards [OM), and into 
;iTiother to the right {0 P ) ; the second splits ifito a 
motion upwards and into one to ti^e left (OQ). The two 
veriical part-motions thus, so far as only the action of 
toe second Nicol comes into consideration, coincide in 
dirpctim ; the two horiz5nial ones are in direct opposi- 
tion, or, in other words, the latter alone attain, owiiif^ 
to the decomposition effected by the polariscope, to ti 
difference of path of a half wave-length, which is super- 
added to the difference of path iilready effected within 
the plate of Selenite. Were the Selenite plate just so 
thick that one ray lagged behind the other three hnlf 
wave-lengths of the red (Fraunhofer’s line, B), this 
colour must vanish wlieli the Nicols are parallel ; whilst 
the green (h), for the production of which a retardation 
of two whole wave-lengths occurs, attains its greatest 
brilliancy. The lamina therefore exhibits a green 
mixed colour when the Nicols are parallel. If the 
Nicols decussate, a half wave-length must be added to 
the difference of path of each kind of ray. The re- 
tardation of the red rays then amounts to two whole, 
that of the green to five half wave-lengths ; and whilst 
the green rays extinguish each other, the red attain 
their highest brilliancy. The lamina therefore now 
appears of a red tint, which is exactly coipplementaiy 
to the green. • 

144. We can also obtain direct information respect- 
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iiig the composition of the tint exhibited by a crystalline 
j»late by effecting its decomposition with a prism. If, 
whilst the Selenite plate just describtid is introduced 
between the parallel Nicols, a prism be placed behind 
the second Nicol, a perfectly dark line appears in the 
nHl intlie spectrum which is thrown upon the, screen, 
l)roviiig that this colour is deficient in the green light 
which leaves the polariscope. If the second Nicol be 
now rotated, this stj;ia, without altering its position, 
becomes progressively fainter, and ultimately, when the 
principal sections of the Nicols are inclined to each 
other at an angle of 45°, vanishes ; for now, since only 
one of the two rays {R8 or UV^ fig. 174) penetrates the 
second Nicol, scarcely any interference takes place, and 
the white light, remaining undiminished in intensity, 
betrays itself by a spectrum without any spaces. As thi* 
Nicol is rotated still further, a slight shade makes it.s 
appearance in the green, which, as the Nicols approacli 
to a position iit right angles with one another, deepens 
into complete blackness. 

The difiPerence of path, and consequently also tin* 
tint of colour, dependent at any moment upon the pris- 
matic decomposition, varies with the thickness of the 
plate. The thicker the Selenite plate is the greater is 
the number of dark stria3 (fig. 153) that appear in the 
spectrum, and so much the nearer does its interference 
colour apiJroximate to white, for reasons that have 
already been mentioned in speaking of the colours of 
thin plates. For a plate of Seleilite consequently to 
exhibit lively colours, its thickness must not exceed 0*3 
of a millimeter (^nd of an inch). 

In order to exhibit at one and the same moment all 
the tints *of colour that a plate of Selenite of every con- 
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•oivable thickness may show, a wedge-shaped polished 
j>late may be employed. By means of a polarising appa- 
ratus, with the arrangement of which (fig. 175) the reader 
is already familiar, the image pwduced by such a Selc- 
Tiiie wedge may be thrown upon tlio screen ; the coloiys, 
arranged in regular order parallel to the edge of the 
})rism, exhibit the same serial succession as in Ihe 
Ionian rings of colour^ and are therefore divided in the 
same manner into orders, and named in the same way 
(see § 118). The introduction of a concave and polished 
plate of Selenite resembSng a concave lens into the 
j)olarising apj)aratus will even cause the colours to be 
arranged in concentric rings. It may be seen, in fiict, 
that when the planes of vibration of the polarising 
apparatus are at right angles to one another, a system 
of coloured rings with dark central point makes its 
appearance, which difFers from the Newtonian (fig. 15P 
rings only in the greater brilliancy of the colours. 

It is unnecessary tef mention that all the phe- 
nomena considered to be here represented to an audi- 
‘^nce upon a screen may jilso be observed by an individual 
if a Norremberg’s polarising apparatus be employed. 
WTien used for this purpose, a glass plate is introduced 
into the apparatus at about half its height (fig. 1 68, K\ 
and 1 69, wi), onVhich the ciystal lamina to be examined 
is placed. 

145. If two plates of Selenite of exactly the same 
thickness, and each of which by itself produces exactly 
the same tint, be now superimposed in such a manner 
that their principal sections coincide when introduced be- 
tween the crossed Ni^ols, they exhibit another colour (fig. 
173), namely, that which corresponds to a single jjlate 
of double the thickness of either sjone. On placing the 
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plates on one another in such a manner that their prhi 
cipal sections decussate at right angles, the screen Will 
remain dark ; nor does any tint of colour appear when 
the second prism is rotg^ted, but the whole behaves just 
as if there wore nO plate of Selenite at all, for that ray, 
which travels more slowly in the first lamina, courses 
with greater rapidity in the second, its speed being just 
as much accelerated in this as it was retarded in the 
first. The two rays which leave the plate have therefore 
VO difference of path^ and camiot therefore give rise to 
any phenomena of interference of colour. Two unequally 
thick jdates, crossed in the same way, act like a single 
plate the thickness of which is equal to the difference 
of thickness of the two plates, since the one only 
neutralises in part the action of the other. We may 
hence infer that intorferen(‘e colours may be produced 
by the decussation of two thick crystal plates neither 
of which appears coloured by itself, presupposing that 
the difference of their thickness is not too great. 

This character may also be made use of in order to 
determine the position of the colour of the little plate 
of Selenite in the serial succession of the interference* 
colours, .with the aid of the wedge-shaped plate of 
Selenite ; for if the plate of Selenite be placed in a cross 
position upon the wedge, it will be seen that the strise 
are altered to just the extent that the plate covers the 
wedge. Along the line where the wedge is of the same 
thickness as the plate, this last abolishes the action of 
the wedge ; at this spot therefore, when the Nicols 
are crossed, there must be a completely black line. The 
coloured sfaa, which in the uncovered part of the wedge 
forms tb© prolongation of the blaclc line, now presents 
just ^that colour which the plate exhibits per se; and a 
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glance is sufficient to show to which order this colour 
belongs. 

14G. In the ibovo experiments, the polarised rays 
falling upon the crystal lamina have always been 
ftaraLlel to one another ; in a plate of equal thickness 
iliroughout they have consequently to traverse p/lths 
of equal length, and their part-rays possess equal 
difference of path. A plate of equal thickness 
throughout exhibits, therefore, in parallel polarised 
liirht a single and uniform tone of colour in its whole 
extent. ^ 

To obtain a knowledge of the behaviour of crystal- 
line plates in converging polarised light, a polarising 


PJ(i. \ 7 \ 



rolarisiog apparatus of Dubo-q. 


ajjparatus, constructed by Dubosq, is employed, the 
essential features of wliich are shown in fig. 1 75. The 
parallel rays of the sun falling on the lens, L, are 
collected into a cone which undergoes double refraction 
ill a thick ciystal of Iceland spar, A, which serves as a 
polariser. The cone of the ordinarily refracted rays, 
nil of which vibrate at right angles to the jirincipal 
section of the Iceland spar, passes through the hole 
in the metal plate, 8, whilst the cone of extraordi- 
narily refracted rays are obstructed by the metal plate. 
The crystal plate, the action of which upon the con- 
verging polarised light is desired to be investigated, is 
placed at F, near the apex, of the emerging ccfeie of 
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light ; the rays diverging from the crystal plate, P, fall 
upon a second lens, whicli projects an image of ttie 
interference phenomena produced hy the lamina upon a 
distant screen. Before the rays reach the screen, how- 
ever, they are made to *pass through the Nicol’s i)rism. 

which serves as a polariscojje. » 

147. The phenomena presented by plates of uniaxial 
crystals cut at right amgles to the optic axis in convorg- 
ingly polarised light is particularly worthy of not('. Tliat 
ray of the cone of light which strikes the plate vertically 
traverses it in the direction of the axis, and undergoes 
no double refraction ; every other ray, however, under- 
goes double refraction, which is greater, because the path 
it has to traverse within the crystal is longer, in proi)or- 
tion as it strikes the crystal more and more obliquely. 
Thus it comes to pass that the differences of path are 
always greater the further the rays are distant from the 
axis of the cone of light ; and since around and at an 
equal distance from the oj)tic axis the two circumstances 
wdiich determine the dift’erence of path — the degree or 
tnnount of double refraction and the length of path — 
;ire equal, it follows that the SUme difference of path 
must exist for all points of a circle which may be con- 
ceived a.s drawn upon the screen around the point 
struck by the axial ray. A system of concentric rays 
consequently appears upon the screen, which exhibit a 
succession of colours similar to those in the rings of 
Newton. 

When the planes of vibration of the polarising appa- 
ratus are crossed, the system of rings appears to be 
traversed by a hlaclc cross (fig. 176, the formation of 
wdiich is easily explained ; for since the optic axis is per- 
l>endi^?ular to the surface of the crystal, every straight 
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line. MNy P Q, ItS, JJV (fig. 174) drawn through iho 
uiiddle point of the system of rings upon the screen, 
corresponds to a principal plane. All rays that, proceed- 
ing from the polariscr, strike upon the crystal-] )la.tc, 
vibrate parallel to and consequently perpendicu- 

larly t(i P Q ; tliey proceed therefore, without expe- 
riencing any decomposition, and with unaltered direction 
of vibration, both through the principal plane, M A* and 
through the principal plane, P (2— through the Ibriner 
by virtue of the extraordinary, and tlirough tlu) latt(‘r 
by virtue of tlie ordinary refraction — and are i*onst‘- 
(juently not transmitted* by the i)olari scope, the plane 
of vibration of which is placed at P Q. A black <*rosi- 
thus originates, the arpis of which are parallel with the 
[lanes of the polarising apparatus. In every oth(*r prin- 
(*il)al plane, making au angle with the plane of 
vibration, MN, of the polariser, a decomposition takes 
[jlaceinto a ray vibrating in R Sy and one perpendicular 
to this, the part-rays of which vibrating in P Q, in con- 
sequence of the prolong*ed dillerence of path, interfere, 
and thus give rise to the system of rings. 

If the direction of vibration of the polariscope be 
parallel to that of the polariser, the rings that ax)pear 
are complementary to the foregoing; and instead of the 
black cross, a white one (fig. 176, B) is obtained. After 
what has been already said, it is unnecessary to enter 
into any explanation of this phenomenon. 

148. A plate of a biaxial crystal, the snrfa<*es of 
which are perpendicular to the line which bisects the 
acute angle of the two optic axes — as for example 
a plate of Potassium nitrate — exhibits in tl^e polarising 
apparatus, when the planes of vibration decussate, the 
beautiful phenomenon depicted in fig. 177. *Two sys- 
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terns of rings are then seen, each of which surrounds an 
optic axis. The rings of higher order, approximating 
each other on the two sides, ultimatfcly blend to form 


A 



of colour produced by nniaxinl rr^i'Btnls. 

peculiarly shaped curves, which, gently undulating, 
surround the two axial points. When the principal 
plane passing through the optic axes of the crystal 
plate coincides with one of the, two planes of vibration 



Binfrs of colour pi oducei! by biaxial crystalb. 


of the polarifeing apparatus, the double system of rings 
appears cut in two by a black cross (fig. 177, ^4) ; but if 
the crytital be rotated, the cross breaks up into two dark 
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curved brushes, which, when the above-named principal 
pjane forms an angle with the axis of polarisaiioii of 
45°, presents thef appearance shown in tig. 177, B. If 
the polariser be rotated from the crossed into the 
parallel position, the rings ^present complementary 
eoloiirs^to the foregoing, and the black brushes change 
io white ones. All these plionomena are explicable 
upon the laws of double refraction in biaxial crj’^tals, 
and upon the same fundamental propositions on which 
the explanation of the coloured rings of uniaxial crystals 
rests. 

The peculiar forms of the S 3 ’stems of rings affords a« 
means of distinguishing biaxial from uniaxial crystals, 
by simple examination in a polarising apparatus. For 
the subjective observation of this phenomenon, the polar- 
ising apparatus of Nbrremborg may be employed, a 
lens being added both above and below the glass plate 
(/C'j fig. 168) on which the crystal plate is placed. 

The Tourmaline forceps or tongs (fig. 170) are still 
b(jtter adapted for this*iJurpose, rendering the addition 
of the lenses unnecessary, since, when placed imme- 
diately in front of the .eye, they permit the entry of rays 
into it coining from ever}^ direction. 

149. It may be shown, with the aid of interference 
idienomcna in polarised light, that singly refracting 
bodies like g^ass may also under certain circumstances 
become doubly refracting ; that is to say, acquire the 
property of breaking up every incident ray of natural 
light into two polarised rays. If a square plate of glass 
fitted into a kind of vice be placed at the point 
(fig. 175) of Dubosq’s polarising apparatus, jind pressure 
be exerted upon it from above downwards by means of 
the screw, it is indeed compressed in this dir(*ti(jn, but 
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extended in the horizontal one. The aiTangemont of 
its molecules is now no longer as before the same in all 
directions, and the plate becomes do«.bly refracting in 
consequence of the altered position of its molecules; 
•and thus the screen, which previously to the pressure 
being exercised was dark on account of the, crossed 
position of the planes of vibration, now presents a bright 
linage of the plate, traversed by a dark cross. The 
proi)erty of double refraction may be permanently con- 
lerred upon a piece of glass by powerfully heating and 
then suddenly cooling it. If a disc of glass which has 
been thus treated be idaced in *the apparatus, a beautiful 
system of coloured rings with a black cross comes into 
view, just as in the case of a piece of Iceland spar cut 
at right angles to its optic axis. A black cross also 
appears in the case of a square glass plate, and in each 
of the four angles is a beautiful system of rings that 
may be compared with the eye of a peacock (fig. 178). 

These phenomena furnish additional evidence of 
the intimate connection between the doubly refracting 



powers of different substaiices, and the 
arrangement of their molecules, to which 
reference has already been made in the 
chapter devoted to the double refrac-^ 
tion of crystals. The doyble refraction 
of compressed and suddenly cooled 


glass is nevertheless essentially dif- 
piSof ferent from that of crystals. In ord(‘r 

to project the system of rings of the 


glass disc upon the screen, it must be placed at the 
point P ; * fhe rays by which it is struck are nearly 


* Tlie littfo plate of gypsum, the Selenite "Wedge, and •'Ueh bodies gene- 
rally iis are used in the cxperiiueiitjj mentioned above, and the behavioJi 
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parallel, and traverse the plate in the same direction and 
with the same length of path. The dififierence of path 
which gives rise to the system of rings can therefore 
only be due to the fact that the double refraction^ whilst 
the course of the rays remains Unaltered, mcreoses towards 
the pei^iphery of the plate. In a crystal, on the contrary, 
the double refraction is at all points the same for the 
same direction of the rays. * 

of which ill poiariseil light is desired to be* investi gated, must be placed 
at the same point. 
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CHAPTER XXV. 

I 

CIKCULAR POLARISATION. 

I 

150. Ip a plate of Iceland spar cut at right angles 
to the optic axis be placed between two Nicol’s prisms 
(fig. 179), the parallel polarised 
rays emerging from the first 
Nicol run collectively through 
the plate in the direction of tlu* 
optic axis, without undergoing 
double refraction or any altera- 
tion in the direction of their 
vibration. On rotating the second 
Nicol, those variations of light 
and shade are only seen which would otherwise occur 
in the absence of the crystal plate. 

All uniaxial crystals, with the exception of Quartz, 
behave in the same way. If a polished Quartz plate, cut 
at right angles to the optic axis, be inserted between 
the two Nicols, the screen appears of a lively colour, the 
colour varying with the position of the Nicol, but never 
being dark. The colours, gradually passing into one 
another through all intermediate tints as the polariscope 
is turned, which are seen upon the screen, are suc- 
cessively red, orange, yellow, green^ blue, violet ; and 
these are .repeated in the same order as the rotation is 
continfied. . , 


Vl<\. 175 ). 


K 





Tw) Nicol's prihms. 
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Those colours are, however, by no means pure 
spectrum colours, and their composition, like the colours 
of Selenite, can Tie determined by prismatic decomposi- 
tion. Thus, if the green light which is emerging from 
the polariscoi^e in its present position be allowed to 
])ass through a prism, a spectrum is produced thfe red 
part of which exhibits a perfectly black stria, whilst the 
orange and red are feebly, and the green and blue more 
vividly luminous. If the polariacope be turned in the 
same direction as before, the black line is seen to travel 
ijradiially tmuards the more refrangible md of the spec- 
frtimy and to blot out in succession the orange, yellow,*' 
green, blue, and violet colours, finally being lost in the 
extreme violet, in order to reappear at the red end of 
the spectrum. It is thus rendered evident that the tints 
which were seen when the prism was not used upon the 
screen are mixtures of all the simple colours left after 
the extinction of the one corresponding to the dark stria. 

The position of the second Nicol, which corresponds 
to a definite position of the dark stria, is capable of 
being read off if the frame be provided with a marker, 
a, pointing to a divided circle, Ky on the axis of which 
the tube rotates. 

The Nicol can only extinguish those rays that vibrate 
at right angles to its principal section. Before the 
Quartz plate was inserted, all vibrations were parallel to 
the vertically placed principal section of the first Nicol 
(in the direction of the arrow, fig. 180) ; and they were 
therefore collectively extinguished and the screen was 
perfectly dark, since the principal section of the second 
Nicol was horizontal, and thus decussa^d at right 
angles with that erf the first. But after the Quartz plate 
is inserted (the thickness of which is 3*75 bf milli- 
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meter), the second Nicol must be rotated 60° from the 
crossed position, by which means the red rays undergio 
extinction in cdnsequence of the 
dark stria in the red part of the 
spectrum. The direction of vi- 
bration of the red rays *is coii- 
sequi‘i,tf\ .il right anpfles to tlie 
presi ». ^..».iitioii of the principal 
plane, and thus, through the ac- 
tion of the Quartz, it has been 
rotated ghout 60° from the vertical 
position win ch it previously had ii i 
cominon with all the other kinds 
of rays, and conies to occupy 
the position rr' (fig. 180, upper 
figure). Similarly, the plane cl 
vibration of the yellow rays has 
undergone a rotation of 90° 
and thaiof the violet a rotation 
of 165° (r i’'). In the adjoining 
figure the direction of the vibrations which are pursued 
by the chief colours of the spectrum, after their passage 
tiirough the Quartz plate, is indicated in a very easily 
intelligible manner. 

The action of the Quartz plate thus consists in effecting 
a rotation of the plane of vibration of the polarised rays, 
the amount of rotation varying for 'each hind of homo- 
geneous lights and being greater in proportion to the 
number of vibrations. In consequence of this dispersion 
of the colours in various directions of vibration, white 
light becomes broken up in a mode w^iich is comparable 
with the dispersion of colour by ordinary refraction, 
and orf this account has received the name of circular 
or rotatory dispersion^ 



Rotiitinn of the jilftnea of 
vibi'ikt.on 111 Quartz. 
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The angle of rotation above given refers to a Quai*t/ 
]>bite of 3*75 niilliineters thick. When plates of various 
tliickness are eiif^loyed, it is found that for any given 
lioiiiogeneous colour the rotation increases in propor- 
tion to the thickness of the plate. • If therefore the 
siniountiof rotation is known for any particular thick- 
ness, it may be immediately calculated for any q,ther 
thickness. Broch measured the angle of rotation at 
which the dark stria in tlie spectmm occupied in suc- 
ci'ssion the position of the principal Fraunhofer’s lines, 
and found the following values for a Quartz plate of one 
millimeter in thickness 

BCD v: F G 

15%30 17° 24 21° 07 27° 46 32° 50 42° 20. 

151. In the case of the Quartz plate used in the 
foregoing experiments, whilst the dark line moves along 
the spectrum from the red to the violet end, the polari- 
scopo must be so rotated that the indicator, z, moves 
over the divided circle, Ji, in the direction of the hands 
of a watch, that is, to the right. But there are other 
specimens of Quartz fti which the polariscope must 
be rotated in the opposite direction, or to* the Ift, 
because the dark line moves in the spectrum from the 
violet to the rq(i end. Quartz crystals are consequently 
distinguished as rotating to the right or to the left. Both 
kinds, with equal thipkness of plate, rotate the plane of 
vibration of the same homogeneous light equally, but in 
opposite directions. The lower half of fig. 180 repre- 
sents the rotation of the various colours in the case of 
it plate of 3’75 millimeters in thickness rotafing to the 
h^ft, just as the upper half shows it in the case of a 
plate of equal thickness, but rotating to the right. • 
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152. In order to pave tlie way for the right under- 
standing of the process by which the rotation of the 
Fia 181 plane of vibration' is effected in a 

^ Quartz crystal, the motion must be 

]Q .invesligated that is produced by the 

' co-operation of two vibrations ai. 

right angles to each other; and for 
this purpose notliing is superior to 
the vibrations of an ordinary pen- 
dulum. A heavy leaden weight 
(fig. 181), ppinted below, is suspended 
by a wire from the ceiling over a 
platter, the point when at rest being 
at 0. Through the point O two lines, 
AB and CI)^ are drawn at right 
angles on the plane of the table. If 
(^rcuiariy vibrating the pcndulum be brought to A, and 
then released, or if, when it is at 
rest, a blow be communicated to it in the direction OA^ 
it swings to and fro in the line OA. In the same way 
it vibrates along the line CD if it be struck in this 
direction, or be brought to C or D and then released. 
The period of vibration, that is to say, the time requisite 
for its passage to and fro, is the same in whichev^er 
direction the vibrations are made to take place. 

The question now arises, however, what iiioveirient 
will the pendulum perform if it be ^simultaneously acted 
upon by two impulses acting at right angles to each 
other? Let the pcndulum be made to vibrate in the 
direction AB, and when it has reached the extreme 
point of its motion at A, let a blow be given to it in the 
directioiv A a, at right angles to A B, the strength of 
wlaich is just sufficient, if. the pendulum be moving iu 
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diiti direction alone, to send it as far to the side from 
itg present position as it was in the first instance moved 
at the moment of the blow from the position of rest at 
f>. The result observed is that the lead weight de- 
scribes with uniform velocity a* circle, ACBDA, in the 
direction Indicated by the aiTOws. ^ 

Had the vibration of the pendulum been measured 
from the moment in which it shortly before went in the 
direction -4 through the point of rest, it would be found 
to have already" performed a quarter-vibration* when it 
received the impulse in the direction A a, 1 i is thus seen 
ikat two movements of vibration at right angles to each 
utker, of which each is rectilinear in itself combine to form 
•i circular motion when one is a quarter^vibration before 
the other. In the case illustrated by the figure, when the 
vibration directed to 0^ is antecedent to that directed 
to 0 (7, the circular movement takes jilace in the direc- 
tion of the hands of a watch, or to the right, as is indi- 
cated by the arrows. If the impulse be given in the 
opposite direction, a circular movement to the left is 
produced. The circular movement to the left is also 
engendered if the pendulum be first put into vibration 
in the direction O C ; and when it has arrived^ at 0, an 
impulse in the direction 0-4 be given, that is, if the 
movement in the direction 0-4 is a quarter- vibration 
behind that in 0 C. The time required for the comple- 
1 ion of an entire circle is always equal to the period of 
vibration proper to the pendulum. 

If the impulse given at A be more powerful than 
that which it originally received, the leaden weight is 

• 

* It may not perhaps he Buperfluous to observe that by one entire vibra^ 
Oon is meant the motion OAOBO^ or complete to and fro movement. 
The motion OA\h con'^equently a quarter-vibration. • 
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propelled to a greater distuiiice laterally in the direction 
0 Gy and the pendulum moves in an ellipse the smallci’ 
axis of which is AB; but if the impulsfe be less powerful, 
A B becomes the greater axis of the ellipse described 
by the pendulum.. Impulses applied to the pendulum 
whilst it is passing from 0 to A, or from 0 tCF B, like- 
wise^ occasion elliptical paths of vibration, the axes of 
which however are no longer in the lines A B and C T), 
If the lateral impulse in the direction 0 0 be com- 
municated at the moment when the pendulum passes 
through its position of rest, it i^ssumes again a rectilinear 
inovement, directed however neither towards A nor 
towards C, but along some intermediate line ; in this 
ease the one movement precedes the other either not 
at all or a certain number of half-vibrations. 

led. The conditions of inovenjent which were ob- 
served in the pendulum may also be followed in the 
case of light with the aid of ihin 
crystalling laminm. Mica, whicli 
easily splits up into still thinner 
plates than Selenite, is especially 
adapted for this purpose. If a 
thin plate of Mica be placed be- 
tweem the two Nicols (fig. 179), so 
1h;it its principal plane R8 (fig. 
182), forms an angle of 45° with 

UeconipoMtioii vibrations. ,, , « j • Hir n-r 

the axis of vibration, M iV, ot tne 
polariser (the fig. 182 being now considered as applied 
to the surface of the lamina from which the light 
emerges), two equally luminous rays are found to emerge 
from the plate, of which one vibrates in R S, the other 
at right, angles to it in U F. The particle of sether 
lyin^ at 0 on the plane emergence of the lamina is 


M 

I{ 


Q 


A' 
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consequently, like the pendulum weight, affected con- 
temporaneously by two impulses at right angles to each 
other, and assudies a circular, elliptic, or rectilinear 
motion according to the amount of the start which one 
vibration has over the other. 

The*Mica plate used in these experiments is juft so 
thick that it occasions a difference of path of a qufj.rter 
wave-length of yellow light between the two rajs 
vibrating at right angles to each Other. Under these 
circumstances it is obvious that for this colour the 
vibration of the more qpickly propagated ray (which 
may be assumed to be Z7 K), on arriving at the jiar- * 
tide 0 precedes by a quarter-vibration that of the more 
slowly propagated ray [ll H). 

The particle 0 assumes therefore a circular movt*- 
iiient to the right tjie period of revolution of which is 
equal to the duration of vibration of yellow light, and 
which communicates itself to the successive particles of 
ie:her arranged serialljr in the direction of the ra.y. 
Each of these moves in a circle, since its revolution 
begins somewhat later than the preceding, the plane of 
which is perpendicular to the ray around this ; and if 
the coetaneous position of the sether particles at any 
moment be conceived to be connected by a curved line, 
n wavy line will be obtained which would wind round 
the ray like a screw, a complete turn of the screw 
corresponding to eaqh wave-length. 

A ray of light of this quality is said to be circnlarhj 
polarised^ whilst the rays that have hitherto been curtly 
termed ‘ polarised * will henceforward be referred to as 
rectilinearly polarised, because their vibrrfbions take 
place in straight lines perpendicular to the direction of 
the ray. • 
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The difference of path of the two rays vibrating at 
right angles to one another in the above-mentionod 
Mica plate amounts to an exact qualter-wave for the 
brightest yellow light alone ; it is somewhat less for red 
rays and for blue somewhat more. The plate conse- 
queVitly communicates to the yellow rays alone a per- 
fectly circular, whilst the rest have a more or less elliptic 
polarisation. Since, however, when the plate is thin the 
deviations from the « circular form are very inconsid(‘r- 
able, the white light that is transmitted may be re- 
garded as being almost completely circularly polarised. 

154. The white fasciculus of rays proceeding from 
khe quarter- wave Mica plate now demands examination. 
After allowing it to pass through the second Nicol, 
Bj it will be found that the screen remains equally 
bright in tvhatever direction the Nicol may be rotated, A 
circularly polarised ray may in fact, since its quality is 
the same all round, exhibit no laterality ; it behaves 
itself when examijied witli a Nicol like an ordinary ray 
of light. That it is not such a natural ray is imme- 
diately rendered apparent if a second Mica plate of 
equal thickness, but with its principal section at right 
angles, be interposed; The original rectilinear polari- 
sation is again shown to be present ; the screen ceases 
to be illuminated when the plane of vibration of th<f 
second Nicol decussates with that of the first. The 
very case mentioned above in regard to the pendulum is 
before us, namely that neither of the two perpendicular 
vibrations precedes the other, so 'that the two equal 
vibrations, 0 B and 0 Z7, combine to produce a recti- 
linenr vibration, 0 M, the axis of which bisects the 
angle, B 0 U. If the second Mica ph..te be superimposed 
upoii th6 first, with its principal plane parallel, the dif- 
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ference of path between 0 U and OB amouni« to a half 
^ave-length, and again gives rise to a rectilinearly po- 
larised ray which? now vibrates in P Q, and consequently 
disappears when the plane of vibration of the second 
Nicol is parallel to that of the first. A quarter-wave 
Mica plate may thus be used for the purpose of recog- 
nising circularly polarised from rectilinearly polarised 
and from natural light, as it is capable of converting a 
rectilinearly polarised into a circularly polarised ray of 
light; it may also, conversely, change circularly pola- 
rised light into rectilinearly polarised, whilst it allows 
a natural ray of light to continue unaltered. ' 

155. In the above-mentioned experiment with a 
circularly polarising Mica plate, it has been taken for 
granted that the more rapidly moving ray vibrates in 
the axis 0 17 ; on this supposition the circular move- 
ment of the aether particles takes place to the right. 
If the Mica plate be rotated in its plane 90®, so that the 
vibration in the axis OR is accelerated about a quarter- 
vibration, the plate occasions the light to be polarised 
circularly to the left. Wlien this is examined with the 
Nicol and with the second Mica plate, it behaves in 
exactly the same manner as that polarised to tht‘ 
right, and cannot be distinguished from it by these 
means. The^ difference, however, can be instantly 
recognised if a plate of Selenite, wnth its principal plant' 
placed at 45°, be interposed between the Mica plate, C, 
iMid the second Nicol, B (fig. 179), at right angles with 
the first, the phenomena of colour of which in recti- 
linearly polarised light are now sufficiently known. The 
light upon the screen now appears coloured, the colour 
varying according i>o whether the Mica plate is intro- 
duced in right- or in left-handed circulaT poldrisjtion. 
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If, for example, the colour be in the first instance 
bluish green, the complementar}" rose-rod tint appears 
in the second instance. In iliiil case the principal 8t»c- 
tions of the Sehniito and of tlic Mica plate are parallel 
to each other, and to the difference of path which the 
Selenite occasions must he added that difference, amount- 
ing to a quarter wave, which is induced by the Mica 
plate ; in the second case, where the principal sections of 
f,he two plates decussate at right angles to each other, 
tlie difference of pjith occasioned by the plate of Selenite 
is diminished by a quarter wav^. The difference of path 
'in light polarised circularly to the right exceeds conse- 
quently by a half wave that polarised circularly to the 
left, so that there all those rays are extinguished whi ‘h 
are here most brilli.iiit, and vicr verm. The mixed 
colours tlierefbre which occur in th(;* two cases must be 
<3omplemeniary to each otlno’. 

156. llecurring for a moment to the pendulum 
(fig. 181), and conceiving that tl^e leaden weight whilst 
it is at A (fig. 183) receives an im- 



effect of 

opxjfwitc circular 
tiona. 


pulse not only in the direction A a, 
but coincidently also an equally 
powerful impulse in the opposite 
direction, A a', the first impulse, 
combined with the impulse which the 
pendulum already possesses in the 
direction of the line A 7^, would lead 
fo a circular moyeraent to the right; 
the second, 1o a similar movement to 
the left. If the two impulses acted 


simultaneon^y, they would neutralise each other, and 


the pendulum would continue to vibrate to and fro 


along the straight line, A L, as if nothing had happened. 
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But supposing the second impulse to occur later, after 
tlje pendulum had in consequence of the first impulse 
already performed the circular movement, A r, and sup- 
posing this impulse to be in opposition to the direction 
of the movement it possesses at'the point r, a rectilinear 
movement will obviously be developed along rr\ Brom 
this it results that a vibrating body acted on coin- 
cidently by two equal but opposite circular forces* will 
acquire a rectilinear vibrating moyernent, which takes 
place along that diameter of the circle at the terminal 
point of which it i^eceived the impulses. 

If this proposition be applied to the vibrations otW 
light, it follows that a redilinearly polarised ray is 
always the result of the eomhined effect of two rays of 
liifht polariseA circularly in opposite directions^ of equal 
brilliancy and equal number of vibrations, following the 
same path; and conversely, it may be said that every 
recHlinearhj ‘polarised ray may he regarded as composed of 
two equally bright rays of light polarised circularly in 
opposite directions, * 

157. This representation or explanation of the phe- 
nomena founded on the genenil laws of motion, and to 
the efiect that a rectilinearly polarised ray of light con- 
sists of two rays polarised circularly in opposite direc- 
tions, would only possess a theoretic significance were 
there not bodies which act upon light polarised circu- 
larly to the right differently to light polarised circularly 
to the left. Fresnel has shown that Quartz is such a 
body. 

The fact of the rotation of the plane of vibration 
through a plate of Quartz becomes perfectly intelligible 
if it be admitted that rays polarised circularly in oppo- 
site directions are propagated with different ‘velocities 
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along the axis of a crystal of Quartz. A rectilinearly 
polarised ray of light must, on its entrance into a 
Quartz plate, be broken up into two #ays polarised cir- 
cularly in opposite directions, which, after they have 
traversed the plate with unequal velocity, on their exit 
again combine to form a rectilinearly polarised^ray, the 
plane of vibration of which differs either to the right or 
left bf that of the incident ray according as the right or 
left circular impulse is antecedent and affects earlier 
the particles of sether in contact with the surface of 
emergence. The greater the thickness of the Quartz 
r plate, the greater is the retardation of one of the two 
rays, and the greater must be the rotation of the plane 
of vibration. The circumstance that equally thick plates 
of Quartz rotate the plane of vibration to the right 
and to the left to the same extent^ although in opposite 
directions, indicates that the rapidity of propagation of 
the rays polarised circularly in opposite directions 
is the same in the two kinds of Quartz, and are only 
interchangeable so far that that ray which has a greater 
velocity in the one crystal moves more slowly in the 
other. 


158. If the two kinds of circularly polarised rays 
are propagated with different velocities parallel to the 
axis of the Quartz, a peculiar kind of double refraction 
pjjj must take place in this direc- 



Double prism of Quart2. 


tion, by means of which an 
incident recjbilinearly polarised 
ray is decomposed into two rays 
polarised circularly in opposite 
directions. In the Quartz plates 


that have hitherto been employed, and which were 


struck (^rectilinearly by the incident rays, an actual 
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decomposition can certainly not take place, because 
i ltbongh the two rays are propagated with difterent 
velocities, they (A)urse in the same direction. Fresnel, 
by an ingenious combination of two prisms of Quartz 
rotating in opposite directions* did however effect this 
decomposition, and thus demonstrated beyond a doubt 
the correctness of the explanation previously given of 
the rotation of the plane of vibration. 

Fresnel’s double 'prism (fig. 184) consists of two 
elongated rectangular prisms of Quartz, each having an 
acute angle ACBoi 7®, one of which is cut from a 
prism rotating to the right, and the other from a prisn]P 
rota.ting to the left. Being cemented together by their 
oblique surfaces, A 0, they form a rectangular column 
the terminal surfaces of which, A B and C D, are per- 
pendicular to the optic axis. If a rectilinearly pola- 
rised beam be allowed to fail through a round opening 
upon the surface A B, it undergoes decomposition into 
two rays polarised circularly in opposite directions 
which traverse the firsl prism with different velocities, 
but in a path common to both. The ray which in the 
first prism was the most rapid, on entering the second 
prism becomes the less rapid of the two, and there- 
fore approaches to the perpendicular (indicated in tht? 
figure by thq dotted line) ; on the other hand, the ray 
moving more slowly in the first prism is propagated 
more rapidly in the second, and must consequently 
recede from the perpendicular. Two separate fasci- 
culi consequently emerge from the surface 01), which 
produce two round spots of light upon the screen, 
the borders of which overlap to some extent. When 
looked at througlr a Nicol placed between G B and the 
screen, the two beams prove to be circularly polarised, 
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and if a plate of Selenite be placed between the double 
prism and the Nicol at an angle of 45°, one of the 
spots of light appears of a bluish greftn, the other of a 
rose-red tint, whilst the area common to both remains 
white. The occurrence bf these complementary colourj- 
demonstrates that one of the beams is circular, ly pola- 
rised to the right, tlie other to the left. This experi- 
ment therefore furnishes decisive proof that a recti- 
linearly polarised luy of light is decomposed by ih(‘ 
Quartz into two rays moving with unequal velocity and 
polarised circularly in opposite directions. 

• 159. The power of circular do able refraction belongs 

to only a few substances besides quartz, and is not 
associated with any definite crystalline system ; it is 
(‘xliibitcd by a few singly refracting crystals belonging 
to the regular system, as for example by Sodium 
chloride in all directions. In doubly refracting crystals, 
as for example in Quartz, it can only be perceived in 
directions ihat are nearly parallel to the optic axis, 
because in every other direction they are concealed b}' 
the ordinary double refraction. 

Circular double refraction consequently ai)pears not 
to be dependent upon any special arrangement of the 
molecules^ but rather upon a peculiar structure of the 
molecules themselves, which may no doubt betray it- 
self in crystalline bodies by the external form of the 
crystal, as in fact is the case with Quartz. This opinion 
is materially supported by the fact, that many fluids 
possess the power of effecting double circular refraction^ and 
consequently the power of rotating the plane of vibration of 
rectilinearlyt polarised light. 

The plane of vibration is rotated to the right by 
aqueous solutions of cane- and grape-sugar, tartaric acid, 
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oil of lemons, and by an alcoliolic solution of camphor. 
It is rotated to the left by oil of turpentine, by cherry- 
laurel water, ami by solution of gum arabic. 

As the rotatory power of these fluids is very inferior 
to tliat of quartz, it is necessary in order to observe 
it conveniently to employ layers of considerable ^hick- 

FIG. I8u. 

'1 iibe ftir lli«‘ n of rircnlarly poliirisiiip fluids. ^ 

ness, which is best aecoinplislied by filling tubes with 
them, the tmds of which are closed with plane glass 
plates (fig. 185). 

If such a tube, filled with solution of sugar, be placed 
between the crossed Nicols, the previously dark screen 
immediately becomes illuminated, and from the amount 
of rotation which must be communicated to the polari- 
scope, in order that the screen may again be darkened, 
the angle may be known which the solution of sugar 
lias rotated the plano’of vibra.tion of the incident reeii- 
linearly polarised light. Tliis rotation is p/'oportional 
on the one hand to the thickness of the layer, and on 
the other to* the amount of active substance (sugar) 
contained in the fluid, and as it is known that with a 
tube 20 centimeters (7*8 inches) in length, the rotation 
of the plane of vibration amounts to for each 

gramme (15-44 grains) of sugar contained in 100 cubic 
centimeters (6*102705 cubic inches, or rather less than 
one-sixth of a pint) of the solution, the am<hmt of sugar 
contained in the solution may be immediately determined 
from the amount of rotation produced by the soliition. 
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1 60. In order to attain the greatest accuracy in the 
determination of the amount of sugar contained in the 
solution, an instrument is desirable ,yvhich renders 'a 
very small rotation perceptible. Such an instrument 
is found in the double quartz plate (fig. 186) first con- 
structed by Soleil. It is composed of 
two <juartz plates, cut at right angles to 
the axis and cemented together, of which 
one ^rotates to the right and the other 
to the left, whilst each lias a thickness 
of 8-75 millimeters. If now a double 
plate of this kind be plac«‘d between 
the two Nicols the planes of vibrations 
tatmg Quartz. parallel, and if the image 

be cast by means of a lens upon a screen, both halves 
of the plate will be found to exhibit the same violet 
tint of colour. On the interposition of the tube filled 
with the solution of sugar, a dissimilarity of colour is im- 
mediately observed in the two halves of the plate, one 
half presenting a bluish, the other a reddish tint. The 
plane of vibration of each colour contained in white 
light is rotated to an equal amount in each half of the 
double plate, but in the one half the rotation is to the 
right and in the other to the left, us lias been indicated 
in the corresponding halves of fig. 180. If the prin- 
cipal planes of the Nicol be parallel to each other (in 
the direction of the arrow) the two halves must exhibit 
the same tint of colour. A glance at the figure above 
alluded to suffices to show that in this position of the 
Nicol the yellow disappears, and that consequently a 
violet coloul must appear as a result of the mixture of 
the remaining colours. " 

As the solution of sugar rotates tlie planes of vibra- 
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lion of all rays to the right, the rotation is increased in 
the half rotating to the right and diminished in the 
half rotating to •the left; in the former, therefore, the 
planes of vibration of the orange tints, in the latter 
those of the green rays, appear*in the position previously 
occupi€#d by the planes of vibration of the yellown’ays. 
The former half will therefore exhibit a blue, the latter 
a red tone of colour. In order to ascertain how much the 
solution of sugar has rotated the jiiane of vibration, it is 
only requisite to rotate the second Nicol till the two 
halves of the plates agai/i a.ppear of the same colour. 

161. As the rapid and convenient determination df 
the amount of sugar contained in a saccharine solution 
is of great practical importance in an economical point 
of view, an apparatus has been constructed with this 
object in view, called a Saccharimeter. 

The Saccharimeter of Soleil has (fig. 187) the previ- 
ously described double plate at r between the two NicoPa 


prisms S and T, the plsi^es 
of vibration of which arCy, 
fixed parallel to each other. | 
The change of colour ^lich 
the tube filled with solu- 




tion of sugar introduced 
at m induces is, however, 
not compensated for by 
rotating the polarissope, T, 
but by a highly ingenious 
compensating arrangement 



Soleirs Saccharimeter. 


placed ate {the convpensator). 

The rays emerging from m pass first throtigh a quartz 
plate rotating to the right, cut at right angles to the 
axis, and then through two^ wedges, r and o, cut»from a 
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quartz plate rotating to the left (fig. 188), and which by 
means of a screw, 5, can be moved towards each other. 

Flo. 188 . ^ 




II 




Compensator. 


When in contact they form a quartz plate, cut perpen- 
dicularly to the axis, which is of the same thickness 
as the first-mentioned one, and tlu^refore completely 
neutralises its rotation to the right. If they are moved 
*trom this position to either side, the extent which the 
rays have to traverse in the two wedges together is 
augmented or diminished; the two wedg(»s together 
thus form a quartz plate rotating to the lel't, the thick- 
ness of which within certain limits can be varied at 
will and can be made equal to, or larger or smaller than 
that of the quartz rotating to Ihe right. The 

alteration of thickness in each movement of the screw 
can be read off by means of the indicator, r, upon a 
small scale, e, to the 1000th of a millimeter. According 
as the rotation of the plate to the right, or the rotation 
of the system of wedges to the left, is allowed to pre- 
dominate, the action of the compensator is equivalent 
with that of a plate of quartz rotating tc, the right or 
to the left, the thickness of which may be exactlv deter- 
mined. 

In order to compensate the difference of colour 
between the two halves of the double plate, which is 
brought about by virtue of the rotation to the right of 
the solution of sugar, the compensator must be arranged 
for an equal amount of left-handed rotation ; then, by 
reading tbe scale, the thicknqns is obtained, of a quartz plate 
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which possesses the same power of rotation as the saccharme 
solution under examination. And as it lias been ascer- 
tained bj carefully made experiments that a solution 
of sugar which contains 10*35 grammes (252*44 grains) 
of pure crystallised sugar in fOO cubic centimeters ex- 
erts as igreat a rotating power in a tube 20 centimeters 
in length as a quartz jjlate 1 millimeter in thicSness, i1 
is only necessary to multiply the number read oft* upon 
the scale by 10*35 in order to know tlie weight of sugar 
contained in 100 cubic centimeters of the solution. 

And now, in conclusion, let a brief retrospective^ 
glance be cast upon the subjects that have here been 
treated of. The reply to the question, What is Light? 
was the end in view. Proceeding step by step by the light 
of experience, the ^various phenomena of light were 
considered, the laws investigated to which those pheno- 
mena ere subject, and tin* useful applications which 
life and science have made from them. Miially, a fact 
was disclosed (Fresnel’s interference experiment) which 
X)ressed home to us the conviction that light must con- 
sist in the undulatory movement of an attenuated elastic 
substance. Having arrived at this stand-point, it wa^’ 
requisite to call a halt in order to reconsider the phe- 
nomena already observed, and when it had been ascer- 
tained that the previously isolated facts became in 
succession, under this point of view, united into one 
whole, further advances were made, and new facts 
obtained which threw additional light upon the nature 
and essence of light. The phenomena of polarisation 
demonstrated, in point of fact, that the vihra^ons of light 
take place at right angles to the direction of the rays. 
Tli(' last part of this work gave results that did jiot at 
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first appear to be capable of useful application to the 
life of man until quite recently, when an apparatus 
has been constructed of pre-eminent ^practical impor- 
tance. 

It is the task of science to strive after tnith without 
liavitig any secondary object in view. If it « remain 
true, to this ideal, the practical applications will fall 
into its lap as the ripe fruits of knowledge. 
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First, and Men and Women, Life and Manners, etc., in the First 
Half' of the Seventeenth Century. 2 vols. Demy 8vo, 2IJ. 

AGASSIZ, Uiiis.—Krs. Essay on Classification. 8vo, i 2 j. 

ALLIBONE, S. A.—E. Critical Dictionary of English Litera- 
ture and .British and American Authors, From the 
Earliest Accounts to the latter half of the Nineteenth Century. 
3 vols. Royal 8vo, ;Cs 8j. 

Amateur Mechanic’s Workshop (The). A Treatise containing 
Plain and Concise Directions for the, Manipulation of Wood and 
Meials. By the Author of “The Lathe and its Uses.” Sixth 
Edition. Numerous Woodcuts. Demy 8vo, 6j, 

American Almanac and Treasury of Facts, Statistical, 
Financial, and Political. Edited by Ainsworth R. 
SroFFORD. Published Yearly. Crown 8vo, yr. (id. each. 
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AMOSf Professor Sheldon , — The History and Principles of the 

» Civil Law of Rome. An aid lo the Study of Scientific and 
Comparative Jurisprudence. iJcmy 8vo, i6j. 

ANDERSON^ IT/Z/mw.— Practical Mercantile Correspond- 
ence. A Collection of Modcr/i Letters of Business, with Notes, 
Critical and Explanatory, and an Appendix. Thirtieth Edition. 
jCrown Svo, ^s, Od, 4 

ANDEHSON, ;f., and TUGMAN, J. i?.— McrcanMfe Corre- 
spondence. A Collection of Letters in Portuguese and Cnglish, 
treating of the system of Business in the princijial Cities of the 

World. With Introduction and Notes. i2mo, Cj. 

• 

Antiquarian Magazine and Bibliographer (The). Edited by 
Edward Walford, M.A., and G. W. Redway, F.R.H.b. 
Complete in 12 vols. nett. 

ARISTOTLE,— Nicomachean Ethics of Aristotle. Trfffls- 
lated by F. 11 . Petkrs, M.A. Third Edition. Crown Svo, 6s, 

ARMITAGE^ Edivard, R.A . — Lectures on Painting: Delivered 
to the Students of the Royal Academy, Crown Svo, yx. 6d, 

AUBERTIN, J, 7.— A Flight to Mexico’ With 7 full-page Illus- 
trations and a Railway Map of Mexico. Crown Svo, yx. 6d, 

Six Months in’Cape Colony and Natal. Wuh Illustia- 
tions and Map, Crown Svo, 6 s, 

A Fight with Distances. Illustrations and Maps. Crown 
Svo, yx. 6d. 

Australia, The Year-Book of, for 1889 . Published under the 
auspices of the Governments of the Auslralian Colonies. With 
Maps. Demy Svo, lox. 6d, 

AXOIl, IV, E, A , — The Mechanic’s Friend. A Collection of Receipts 
and Practical Suggestions relating to Aquaria, Bionzing, Cemcnl^, 
Drawing, Dyes, Electricity, Gilding, Glass- workftrg, etc. Nu- 
merous Woodcuts. Edited by W. E. A. Axon. Crown Svo, 

3X. 6d, 

Bacon-Shakespeare Question Answered ^The). ByC. Sxori .. 
Second Edition. Demy Svo, 6x. 

BACEI/OT, IValfer,— The English Constitution. Fifth Edition. 

Crown Svo, yx. 6d, 

Lombard Street.* A Description of the Money hlaiket. Ninth 
Edition. Crown Svo, yx, 6d, 

Essays on Parliamentary Reform. Ciown Svo, 5x. 

Some Articles on the Depreciation of Silver, and Topics 
connected vw’ith it. Demy Svo, 5x. 
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HALL, K— The Diamonds, Coal, and Gold of India. Their 
Mode of Occurrence and Distribution. Fcap. 8 vo, 5 j, ♦ 

A Manual of the Geology of India, x^art III. Economic 
Geology. Royal 8 vo, lOJ, 

B.IKNES, JF/////?;;/-— A' Glossanry of the Dorset Dialect. With 
a Grammar of iW Word-Shapening and Wording. Demy Svo, 

’ -.ewed, 6 j. 

BJ/vTLeH" J. a*.— D ictionary of Americanisms. A Glossary 
‘■of Words and Phrases colloquially used in the United States, 
Fourth Edition. Svo, 2ls, 

/>J/C7VNf G. B.—The H’Story of New South Wales. From 
the Records. Vol. I. Illustrated with Maps, Portraits, and 
Sketches. Demy Svo, cloth, 15 X. ; lialf-mfiiocco, 20 .p. 

BAVGHAN^ AW. —The Influence of the Stars. A Treatise on 
Astrology, Chiromancy, and Physiognomy. Demy 8 \o, ^s. 

BEARD, Charles, AA. A— Martin Luther and the Reformation 
in Germany until the Close of the Diet of Worms, 
Demy Svo, i6j. 

Bccket, Thomas, Martyr-Patriot. By R. A. Thompson, M.A. 
Crown Svo, 6 j. 

BEysON, A, C.— William Laud, somoUme Archbishop of 
Canterbury. A Study. With Portrait. Cro\vn Svo, 6s. 

BE TAN, Theodore F., /’.A’. G. A*. —Toil, Travel, and Discovery in 
British New Guinea. With Maps, Large crown Svo, 7j. 6d. 

BRACKET, W. .9.— Researches into the Lost Histories of 
America. Illustrated by numerous Engravings. Svo, loj, 6d, 

BLADES, IF.— The Biography and Typography of William 
Caxton, England’s First Printer. Demy Svo, hand- 
made paper, imitation old bevelled binding, is. Cheap 

Edition. Crown Svo, 5 j. 

• 

BLEEK, W. If. A— Reynard the Fox in South Africa ; or, 
Hottentot' Fables and Tales. From Original Manuscripts. Post 
Svo, 3 J. 6d. 

A Brief Acc6unt of Bushman Folk-Lore, and Other 
Texts. Folio, 2s. 6d. 

BUTTRELL, William. Siovies and Folk-Lore of West Corn- 
wall. With Illustrations by Joseph Blight. Second and 
Third Series. Svo, 6s. each. 

BRADLEY^ F, //.—The Principles of Logic. Demy Svo, i6s. 

BRADSI/AW.’X’jyiclionaxy of Bathing-Places and Climatic 
Health Resorts. With Map. New Edition. Crown Svo, 
2s. 6d, 
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/^RADSIIA W^continiud, 

ABC Dictionary of the United Staton, Canada, and 
Mexico. •Showing the most important Towns and Points of 
Interest. With Maps, Routes, etc. New Edition, Revised. 
Fcap. 8vo, 2s. 6 d, ^ 

Bradshaw, Henry: Memoir. By G; W. Pkotiiero. With 
J:*ortrait and Eac-simiJc, Demy 8vo, i6j. -b 

RKENTANO., Zujo, — On the History and Devehlfment of 
Gilds, and the Origin of Trade-Unions. 8vo, jif. 6 d, 

BKKRETONy C. S, IL — The Last Days of Olympus. A Modern 
Myth. Crown Svo, 3?. 6^/. ^ 

BR 1 DGKT 1 \ Ri*v. 'J\ A.— Blunders and Forgeries. Historical 
Essays. Crown Svo, 6j. 

BROWNi Horatio A—Life Qn the Lagoons. With 2 Illustrations 
and Map. Crown Svo, 6 s, “ 

Venetian Studies. Crown Svo, p, 6 d, 

• 

BROWN^ Marie A , — Tlie Icelandic Discoverers of America , 
or, Honour to \vhom Honour is due. With 8 Plates. Crown 
Svo, p. 6 d, 

BROWNE^ Hugh The Grand Reality. Being Expcriencer 

in Spirit-Life df a Celebrated Dramatist, received through a 
Trance Medium. Edited by Hugh Junor Browne. Large 
post Svo, p, 6 d, 

Browning Society’s Papers. — Demy Svo, 18S1-84. Part I., ioj. 
Part IT., IOJ. Part III., ioj. Part IV., ioj. Part V., ioj. 
Part VII., IOJ. Part VIII., ioj. Part IX., ioj. Part X., ioj. 

BROWNING — Bibliography of Robert Browning from 

1833-81. I 2 J. 

Poems of, Illustrations to. Parts I. and II. 4to, loj. each. 

BRUGMANN, AVz;*/. —Elements of a ComparatH»e Grammar 
of the Indo-Germanic Languages. Translated by 
Joseph Wright. Vol. I. Introduction and Phonetics. Svo, 
iSj. « 

BRYANT, Sophie, Zl. A:.— Celtic Ireland. With 3 Maps. Crown 
Svo, 5J. 

BURKE, The Laic Vhy Rev, T. iV.— His Life. By W. J. Fitz- 
patrick. 2 vols. With Portrait, Demy Svo, 30J. 

Burma.— The British Burma Gazetteer. Compiled by Major 
H. R. Spearman, under the direction of the Government of 
India. 2 vols. With il Photographs. Svo, £2 ioj. 

BURTON, Lady.^Th^ Inner Life of Syria, Palestine, and 
the Holy Land. Post Svo, 6j, 
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JlURY, Richa 7 'd dc. — Philobiblon- Edited by E. C. Thomas. Cro^ 

8 VO, lOJ. ( id . 

CAMPBELL^ JFw.— An Account of Missionary Success in 
the Island of Formosa. Published in London in 1650, 
and now reprinted with* copious Appendices. 2 vols. With 6 
Illustrations and Map of Formosa. Crown Svo, loj. 

Tire Gospel of St. Matthew in Formosan (Sinkangf Dialect). 

Corresponding Versions in Dutch and English. Edited 
, from Giavius’s Editioivof 1661. Fcap. 4to, loj. ( 3 . 

CA TLIN^ George. — 0 -K.ee-Pa. A Religious Ceremony ; and othei 
Customs of the Mandans. With 13 Coloured Illustrations. 
Small 4to, 14^.' , 

The Lifted and Subsided Rocks of America, with their 
Influence on the Oceanic, Atmospheric, and Land Currents, and 
the Distribution of Races. Wills 2 Maps. Crown Svo, 6j. 6^4 
Shut your Mouth and Savo your Life. With 29 Illustra- 
tions. Eighth Edition. Crown Svo, 2s, 6 d. 

CHAMBERS, John /?<z7vV/.— The Theological and Philosophical 
Works of Hermes Trismogistus, Christian Neopla- 
tonist. Translated from the Gicok. Demy Svo, yj. (id. 

CUARNOCK, Richard Stephcn.-‘K Glossary of the Essex Dialect. 
Fcap,, 3J, (id, ' 

Nuces Etymologicae. Crown Svo, loj. 

Proonomina ; or, Tlie Etymology of the Principal Christiai^ 
Names of Great Britain and Ireland. Crown Svo, 6 s, 

Chaucer Society. — Subscription, two guineas per annum. List of 
Publications on applic.ation, 

CLAPPERTON, Jane Hume. — Scientific Meliorism and the 
Evolution of Happiness. Livgc crown Svo, 8j. (id, 

CLARES, Henry IT. —The History of Tithes, from Abraham 
to Qyeen Victoria, Crowm Svo, 5f. 

CLAUSE WITZ, General Carl von . — On War. Translated by Colonel 
J. J. Graham. Fcap, 410, ioj. 6 d, 

CLEMENT, C. E., and HUTTON A.— Artists of the Nineteenth 
Century ahd their Works. Two Thousand and Fifty 
Biographical Sketches, Third, Revised Edition. Crown Svo, 15^. 

CLODD, Edward, F.R.A.S-^The Childhcfod of the World: a 
Simple Account of Man in Early Times, Eighth Edition, 
Crown Svo, 3s. 

A Special Edition for Schools, u. 

The Childhood of Religions. Including a Simple Account of 
the Birth and Growth of Myths and Legends. Eighth Thousand. 
Crown Svo, 5J, 1 

A Special Edition for Schools, is. 6 d, 
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CLODDy Edward^ F,R,A,S,— confinmd, 

• Jesus of Nazareth. With a brief sketch of Jewish History to the 
Time of IIis#Birth. Second Edition. Small crown 8vo, 6f. 

A Special Edition for Schools. In 2 parts. Each u, 6f/. 

COLEBROOKEy Henry Thomas. — Life and Miscellaneous Essays 
of. The Biography by liis Son, Sir T. E. Colebrooke, Bart., 
M.F. 3 vols. Demy 8vo, 42s, t 

Cc ^LLETTEy Charles The Life, Times, ana^^Vritings 

of Thomas Cranmer, D.D., the First Reforming 
Archbishop of Canterbury. Demy Svo, yj. (id. 

Pope Joan. An Itistorical' Study. ^Translated from the Greek, 
with Preface. i2ino, 2j. 6</. 

COLLINSy Mabel. — Through the Gates of Gold. A Fragment of 
Thought. Small Svo, (id. 

CONlVAYy Moneure D.—'TrvLVo\^ in South Kensington. ItThs- 
trated. Svo, I2j. 

CoOKy Louisa 5 '. —Geo metrical Psychology ; or, 7 'he Science of 
Representation. An Abstract jK>f the Theories and Diagrams of 
B. W. Betts. 16 Plates, coloured and plain, .Demy Svo, 7 j. (id, 

COTTONy IT, J. .S’. —New India, or India in Transition. 
Third Iiidition. • Crowi Svo, 4s, Od. ; Cheap Edition, paper 
covers, is. 

CoTTONy Palmistry and its Practical Uses. 12 Plates. 

Crown Svo, 2s. (id. 

COX, Rro. Sir Ccorx'e IF., Bari . — The Mythology of the 

Aryan Nations. New P.dition. Demy Svo, 

Talcs of Ancient Greece. New Edition. Small crown Svo, Gs, 

A Manual of Mythology in the form of Question and 
Answer. New Edition. Fcap. Svo, 3^. 

An Introduction to the Science of Comparative Mytho- 
logy and Folk-Lore, Second Edition, Crown Svo, yj. 6d, 

COX, Rev. Sir G. W., M.A., Barf., and JONES, Eustace Hinton . — 
Populhr Romances of the Middle Ages. Tliird 
Edition, in i vol. Crown Svo, Gs, * 

CGRRy Edward ^ 7 /,— TJie Australian Race : Its Origin, Lan- 
guages, Customs, Place of Landing in Australia, 
and the Routes by wliich it spread itself over that 
Continent. In 4 vols. With Map and Illuslrations. £2 2s, 

CUST, R. N , — The Shrines of Lourdes, Zaragossa, the Holy 
Stairs at Rome, the Holy House of Loretto and 
Nazareth, and St. Ann at Jerusalem. With 4 Autotypes, 
Fcap. Svo, 2s. * 
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Davis, Thomas : The Memoirs of an Irish Patriot, 1840 - 46 . 
By Sir Charles Gavan Duffy, K.C.M.G. Demy 8vo, I2 j/ 

DAVIT 7 \ Speech before the Special Commission. 

Crown 8 VO, 5 j. 

DAWSON^ Biographieal Lectures. Edited by Georgk 

St. Clair, F.G.S. Third Edition. Laige crown 8vo, yj. (id, 

Shakespeare, and other Lectures. Edited by George Si, 
Cr.;:iR, F.G.S. Large crown 8vo, yj. (id, 

VEAli^ Teresa //.—How to be Beautiful. Nature Unmasked. A 
Book for Every Woman. Fcap. 8vo, 2 j. (id, 

I)£ATJI, /.—The Beer ‘of the Bible: one of the hitherto 
Unknown Leavens of Exodus. With" a Visit to an Ar.ib 
Brewery, and Map of the Routes of the Exodus, etc. Crown 
8vo, 6s. ^ 

DH JONCOUKT, Madame Wholesome Cookery. Fifiii 

Edition. Crown 8vo, cloth, u. 6/. ; paper covers, is, 

DENMAN, Hon, G.— The Story of the Kings of Rome. In 
Verse. l6mo, parchment, l^. 6d, 

DONOVANy /.—Music and Action ; or. The Elective Affinity be- 
tween Rhythm and Pitch. Crown 8vo,^ 3 j. 6d, 

DOWDEN, Edivard, LL.D. — Shakspere : a Critical Study of his 
Mind and Art. Ninth Edition. Post 8vo, I2j. 

Shakspere’s Sonnets. IVith Introduction and Notes. Large 
post 8vo, yj. (d, ^ 

Studies in Literature, iy89-i8yy. Fourth Edition. Large 
post 8vo, 65, 

Transcripts and Studies. Large, post Svo, 12s, 

PUlVSETTy F, C.— Striking Events in Irish History. Crown 
Svo, 2s, 6d, 

Dreamland and Gliostland. An Original Collection of Tales and 
Warnings from the Borderland of Substance and Shadow. 3 vols. 
6s. per vol., sold separately, * 

Drummond, Thomas, Under Secretary in Ireland, 1835 - 40 . 
Life and Letters, By R. Barry O’Brien. Demy 8vo, 14J, 

DU PRELy Cfl/'/.— The Philosophy of Mysticism. Translated 
from the German by C. C. Massey. 2 vpls. Demy Svo, cloth, 25 j. 

Early English Text Society, — Subscription, one guinea per annum. 
Extra Series. Subscriptions — Small paper, one guinea per 
annum. List of Publications on application. 

EDMUNDSO^y George,— NLiMon and Vondel. A Curiosity of Liie- 
ratnve. Crown Svo, 6s. 
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EDWARDS, Edivard. — Memoirs of Libraries, together with a 
• Practical Handbook of Library Economy. Numerous Illustra- 
tions. 2 vol:^ Royal 8vo, gz 8j. Large paper Edition. Impe- 
rial 8vo, ;^4 4s. 

Libraries and Founders of Libraries. 8vo, iSj. Large 
paper Edition. Imperial Svo, loj. . 

Free Town Libraries, their Formation, Management, and 
History in Britain, France, Germany, and America^ Together 
with Brief Notices of Book Collectors, and of tlrc re^jective 
Places of Deposit of their Surviving Collections. Svo, 2is. 

Eighteenth Century Essays. Selected and Edited by Austin 
Dobson. ^ Cheap Edition. Cloth, i*j. 6^/. 

Ellis, William (Founder of the Birkbcck Schools). Life, with Account 
of his Writings. By E. K|£LL Blyth. Demy Svo, 14J. 

Emerson’s (Ralph Waldo)* Life. By Oliver Wendeli. Ilonuts. 
English Copyright Edition. With Portrait. Crown Svo, 6s. 

Emerson (Ralph ‘Waldo), Talks with. By Charles J. Wood- 
bury. Crown Svo, 5 r. 

English Dialect Society. — Subscription, 10s. 6d. per annum. List 
of Publications on application. 

I'JELD, David •-Outlines of an International Code. 

Second Edition. Royal Svo, gi is. 

Five o’clock Tea. Containing Rcceii>ts for Cakes, Savoiiiy Sand- 
wiches, etc. Eighth Thousand. Fcap. S\o, cloth, u. 6d.\ 
paper covers, is. 

• 

Forbes, Bishop. A Memoir. By the Rev. Donald J. Mackay. 
With I'ortrait and Map. Crown Svo, yj. 6d, 

EOT IIERINGIIAM, james^. — Studies in the Poetry of Robert 
Browning. Second Edition. Crown Svo, 6^. 

FOX, Charles. — The Pilgrims. An Allegory of the Spoil’s Progress 
from the Earthly to the Heavenly State. Crown Svo, 5^. 

FOX, J. A.-^A Key to the Irish Question. Crown Svo, yj. 6d. 

FRANKI.yN, Henry Rtrades. — ^The Great Battles of 1870 , and 
Blockade of Metz. With Large Map, Sketch Map, and 
Frontispiece. Syo, 15.^. 

FREEBOROUGH, E., and RAHAEH, C. E.— Chess Openings, 
Ancient and Mo(Vrn. Revised and Corrected up to the Present 
Time from the best Authorities. Large post Svo, “js. 6d. ; inter- 
leaved, pj*. 

FREEJl/AN, E. ^.—Lectures to American Audiences. 1. The 
Tinglish I’cople in its Three Homes. II. Praefleal Bearings of 
General EuropeJin History, Post Svo, Sj. 6d 
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FRITH, /.—Life of Giordano Bruno, the Nolan, Revised by 
l^rof. Moriz Carriere. Willi Portrait. Post Svo, 141*. * 

Frocbel’s Ethical Teaching. Two Essays iVy M. J. Lyschinska 
and Therese G. Monteeiore. Fcap., 6//. 

From World to Cloister ; or. My Novitiate. By Bernard. Crown 
Svo, Ss, 

Garrieidv,.The Life and Public Service of James A., 

^ Ti^cntieth President of the United States. A Biographical 
Sketch. By Captain K. H. Mason. With a Preface by Bret 
Harte. With Portrait. Crown Svo, 2s. 61. 

6\:S7FR, Greeko-Silavonic Literature and its Relation 
to the Folk-Lore of Europe during the Middle Ages. 
Large post Svo, 7 j. 61. 

d/'ORCrF, Progress and Poverty. An Inquiry into the 

Causes of Industrial Depressions, and of Increase of Want with 
Increase of Wealth. The Remedy, Fifth Library Edition. 
Post Svo, 7s. 6d. Cabinet Edition. Crown Svo, zs. 6d. Also a 
Cheap Edition. Limp cloth, is. 6d . ; paper covers, is. 

Protection, or Free Trtide. An Examination of the Tariff 
Question, with es])ecial regard to the Interests of Labour, Second 
Edition. Crown Svo, 5 x, Cheap Edition, Limp cloth, Is. 6d. ^ 
paper covers, Is, 

Social Problems. Fourth Thousand, Crow’n Svo, Cheap 
Edition. Limp clolJi, is. 6d . ; paper covers, is. 

CTRB, E. 7 . fT.— The History of tjie Forty Vezirs; or, The 
Story of the Forty Morns and Eves. Translated from the 
Turkish. Crown Svo, los. 6d. 

GILBERT, Autobiography, and other Memorials. 

Edited by JosiAH Gilbert, Fifth Edition, Crown Svo, 
7 s. 6 d. 

Glossary of Terms and Phrases. Edited by the Rev. I-I. Percy 
Smith and others. Second and Cheaper Edition. Medium 
Svo, 3 j. 6d. 

Goethe’s Faust. Translated from the German by John Anster, LL.D. 
With an Introduction by Burdett Mason. Illustrated by Frank 
M. Gregory. Folio, 3 J. , 

CORDON, Major-General C. G . — His Journals at Kartoum. 
Printed from the original MS. Witlv Introduction and Notes by 
A. Egmont Hake. Portrait, 2 Maps, and 30 Illustrations. 
Two vols., demy Svo, 21 j. Also a Cheap Edition in I vol., 6s, 

Gordon’^ (General) Last Journal, A Facsimile of the last 
Journal received in England from Gei^eral GORDON, Repro- 
duced by Photo lithography. Imperial 4 to, £3 3 s. 
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Gordon‘s Major-Ceneral C. G. — continued, * 

' Events in his Life. From llie Day of liis Firth to the Day of 
Ills Death, li'y Sir IT. \V. Gordon. With Maps and Illu.v 
trations. Second Edition. Demy Svo, 6(4 

GOSSE^ Edmund, — Seventeenth Century Studies. A Contri- 
bution to the Ilistoiy of English Poetry.^ Demy Svo, ioj. ^d. 

COSSIP^^G* IL Z/.—Tho Chess-Player’s Text-Book. An Ele- 
mentary Treatise on the Game of Chess. Illustrated b^umcrou*. 
Diagrams for Beginners and Advanced StudentlT Medium 
i6mo, 2J. 

GOULD, Rez\ S. Barin^c^, -Germany, Present and Past. 

New and ^Jheaper Edition. Large crown Svo, *js, 6^4 

GO WRR, Lord RonaM, — My Reminiscences. Mini ature Edition, 
printed on hand -made paper, limj> parchment antique, lOj, 6^4 

BriC-h-Brac. Being some Photoprints illuslraling art olycctiafit 
Gower Lodge, Windsor. With descriplions. Super royal Svo, 
15^. ; extra finding, 2 Ij. 

Last Days of Mary Antoinette. An Historical Sketch. 
With Portrait and Facsimiles. Fcap. 4to, lor. 6r4 

Notes of a Tour from Brindisi to Yokohama, 1883- 
1884. Fcap, Svo, 2 j. 6Z. 

Rupert of the Rhine ; A Biographical Sketch of the Life of 
Prince Rupert. With 3 Portraits. Crown Svo, buckram, 6s. 

GRAHAM, William, M.A. — The Greed of Science, Religious, Moral, 
and Social. Second Edition, Revised, Crowm Svo’, 6j, 

The Social ProbleAi, in its Economic, Moral, and 
Political Aspects. Demy Svo, 145 . 

GUBERNATIS, Angelo de. — Zoological Mythology; or. The 
Legends of Animals.* 2 vols. Svo, £,1 Sj, 

GURNEY, Rev, Alfred. — Wagner’s Parsifal. A Study. Fcap. Svo, 
ij. 6d. • 

HADDON, The Larger Life: Studies in Hinton’s 

Ethics. Crown Svo, 5 ^. 

HAGGARD, II. Cetywayo and his W^iite Neighbours ; 

or, Remarks on Recent Events in Zuhiland, Natal, and the 
Transvaal. Third E<lition. Crown Svo, 6s. 

HALDEMAN, -S. .S'.— Pennsylvania Dutch : A Dialect of South 
Germany with an Jnfusion of English. Svo, 3J. 6d. 

HALL, F. Tl— The Pedigree of the Devil. With 7 Autotype 
Illustrations from Designs by the Author, Demy Svo, yj. 6d. 

HALLOCK, Charles.— Sportsman’s Gazetteer.and General 
Guide. The .Game Animals, Birds, and Fishes of North 
America. Maps and Portrait. Crown Svo, IS^. 
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Hamilton, Memoirs of Arthur, B.A., of Tiinity College, Cam- 
biidgc. Crown Svo, 6j. ^ 

Handbook of Home Rule, being Articles oii the Irish Question by 
Various Writers. Edited by James Bryce, M.l*. Second 
Edition. Crown Svo, jlj. sewed, or is, 6 d. cloth. 

//AJvI^/S, Emily Marion. — The Narrative of the Holy Bible. 

^ Clown Svo, 5^. * 

UAKTih>,NK, Magic, White and Black; or, The 

I Science of Finite and Infinite Life. Crown Svo, *}s. (id. 

The Life of Paracelsus, and the Substance of his Teach- 
ings. Post Svo,, TOJ. 6^/. 

Life and Doctrines of Jacob Behmen. ‘ Post Svo, los. 6 d. 

ilAW 7 II 0 RAE^ A^nthanul. — Works. Complete in Twelve Volumes. 
Large post Svo, yj. (id. each volrmc. 

RECKER^ y. F. C.— The Epidemics of the Middle Ages, 
Translated by G. B. Babington, M.D., F.ICS. Third Edition. 
Svo, 9J. (id, 

HENDRIK, Memoirs of Hans Hendrik, the Arctic 

Traveller; serving under Kane, Hayes, Hall, and Nares, 
1853-76. Translated from the Eskimo Language by Dr. Henry 
Kink. Crown Svo, 3J. ^d. ,, 

HENDRIKS, Dom Laiorencc.^-Tli^ London Charterhouse : its 
Monks and its Martyrs. Illustrated. Demy Svo, 14?. 

HERZEN, Alexander . — Du Developpement des idees Revolu- 
tionnaires en Russie. i2mo, 2s. 6 d. 

A separate list of A. Herzen’s works in Russian may be had on 
application. 

HILL, Alfred.— The History of the Reform Movement in the 
Dental Profession in Great Britain* during the last twenty years. 
Crown Svo, lOJ, Od. 

IIILLEBRaWD, Kari.— 'France and the French in the Second 
Half of the ‘Nineteenth Century, Translated from the 
Third German Edition, Post Svo, loj. Od. 

HINTON, J , — Life and Letters. With an Introduction by Sir W. 
W. Gull, Bart., and Portrait engraved on Steel by C. 11 . Jeens. 
Sixth Pklition. Crown Svo, 8s, & 

Philosophy and Religion. Selections from the Manuscripts of 
the late James Hinton. Edited by Ca,koline IIaddon, Second 
Edition. Crown Svo, 5 ^* 

The Law Breaker, and The Coming of the Law. 
Edited by Margaret Hinton. Crown Svo, 6.r. 

The Mybtery of Pain. New Edition. Fcap. Svo, is. 

HODGSON, J, Academy Lectures. Crown Svo, p. Od, 
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Holbein Society. — Subscription, one guinea per annum. List of 
^ Publications on application. 

IJOLMES’FOKBESy^Avary W, — ^The Science of Beauty. An 
Analytical Inquiry into the Laws of ri^.sthetics. Second Edition. 
Post 8vo, 3J. 6^. 

JIOLYOAKE, G. J, — The History *of Cct-operation in Kng~i 
land : Its Literature and its Advocates. 2 vols. Crown Svo, 

iV» 

Self-Help by the People. Thirty-three Years 01 iro-oj^ratiou 
in Rochdale. Ninth Edition. Crown 8vo, 2s. G/, 

HOME, Mme. Duu^las, — D. D. Home : His Life and Mission. 
With Portr.iit. Demy 8vo, I2.f. GL * 

Gift of D. D. Home, Demy 8vo, icw. 

Homer’s Iliad. CieeK Text with Translation. Ry J* Cordery, 
C.S.T. Two vols. DcAy 8vo, 14^, Cheap Edition, Transla^n 
only. One vol. Crown 8vo, 5.9. 

IJOOLEy The Science and Art of Training. A Hand- 

book for Athletes. Demy 8vo, 3J. GL 
HOOPER, Mary,- Little Dinners: How to Serve them with 
Eleganco and Economy. Twcnl)-tnst Edition. Crown 
8vo, 2s, 6//. 

Cookery for Invalids, Persons of Delicate Digestion, 
and Children. Fifth Edition. Crown 8\o, 2r. Gi, 

Every-day Meals. Being Economical and Wholesome Reeijics 
for Breakfast, Luncheon, and Supper, Seventh Edition. Crown 
8vo, 2s, 6 (t, • 

HOPKINS, A 7 //V<?. - - Work amongst Working Men. Sixth 
Edition, Crown 8vo, 31, Gl, 

IIORNADA F, F.— Tw« Years in a Jungle. \Yith Illustrations. 

Demy Svo, 21s. 

HOJVETXS, W. D. — A Little Girl among the Old Masters. 
With Introduction and Comment. 54HUatcs. Oblong crown 
Svo, lor. 

HUMBOLDT, I^aron Wilhclvi Von , — The Sphere and Duties of 
Government. Translated from the llerman by Joseph 
Coui.TiiARD, Jun. Post Svo, 5f. 

HYNDMAN, IL il/.— "the Historical Basis of Socialism in 
England. Largje crown Svo, 8r. GL 

IM THURN, Everard AI— Among the Indians of Guiana. 
Being Sketches, chiefly anthropologic, from the Interior of British 
Guiana. With 53 Illustrations and a Map. Demy Svo, i&r. 

INGLEBY, the late Clement Af.— Essays. Edited by hfe Son, Crown 
Svo, 7j. (id, * 
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Irresponsibility and its Recognition, By a Graduate of Oxford. 
Crown Svo, 3/. 6d. g, 

JAGIELSKI^ r.— Modern Massage Treatment in Combina- 
tion with the Electric Bath. Svo, is. 6d. 

JAPPy Alexander II. — Days , with Industrials. Adventures and 
Experiences among Curious Industries. With Illustrations, 

^ Crown 8vo, 6s, ^ 

yMNA’fhC. E., mid RAYMOND, y.—The Architect’s Legal 
« Handbook, Fourth Edition, Revised. Crown Svo, 6s, 

^ENKINSy E. — A Modern Paladin. Contemporary Manners. 
Crown Svo, 5^. « 

JENKINSy jahez. — ^Vest-Pocket Lexicon. An English Dictionary 
of all except familiar Words, including the principal Scientific 
and I'cchnical Terms, and J^'uieign Moneys, Weights, and 
« ' Measures. 64mo, u. 

JENKINSy Pev, Canon P. C— Heraldry : English and Foreign, 
With a Dictionary of lleialdic Terms and 736 Jlliistrations. 
Small crown Svo, 3^. 6d, 

Jesus the Carpenter of Nazareth. By a Layman. Crown Svo, 
*]s, 6d. 

JOIINSONy C. /’.—Hints to Collectors of Original Editions of 
the Works of Charles Dickens. Crown Svo, vellum, 6s. 
Hints to Collectors of Original Editions of the Works 
of William Makepeace Thackeray. Crown Svo, vellum, 

6s, r 

yOHNSTONy H. //., /’.Z.S'.— The Kilima-njaro Expedition. 
A Record of Scientific Exploration in Eastern Equatorial Africa, 
and a General Description of the, Natural History, Languages, 
and Commerce of the Kilima-njaro District. With 6 Maps, and 
over 80 Illustrations by the Author. Demy Svo, 21 s, 

The History of* a Slave. With 47 Illustrations. Square Svo, 6s, 

Juvenalis Satira?. With a Literal English Prose Translation and 
-Notes. By D. Lewis. Second Edition, vols. Svo, 12 j'. 

KARDECy Alien. — The Siiirit’s Book. The Principles of Spiritist 
Doctrine on the Immortality of the Soul, etc. Transmitted 
through various mediunus. Translated by Anjja Blackwell. 
Crown Svo, '}s. 6d. 

The Medium’s Book , or. Guide for Mediums and for Evoca- 
tions. Tjanslated by Anna Blackwell. Crowm Svo, yj. 6d, 

Heaven and Hell ; or, The Divine Justice Vindicated in the 
Plurartty of Exi'.tenccs. Translated by Anna Blackwell. 
Crown Svo, 7 j. 6d. 
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ICAUFMANN^ Rev, Jtf,, M,A, — Socialism: its Nature, its Dangers, 
^ and its Remedies considcrecL Crown Svo, *js, 6(/, 

Utopias ; or, Schemes of Social Improvement, from Sir Tliomas 
More to Karl Marx. Crown 8v(», 5s. 

Christian Socialism. Crowm Svo, 4s, 6d, 

• 

h'ERRISON^ Lady Caroline —K Common.place Book of tlio 
Igifleenth Century. Containing a Religious Plapr and 
Poetry, Legal Forms, and Local Accounts. From ^ Original 
MS. at Rrome Il.all, Suffolk. F.ditcd by Lucr XOULMIN 
Smith. With 2 Facsimiles. Demy Svo, Js. 6d. ^ 

/C/NCSFORD, Anna, yl/.Z>.— The Perfect Way in Diet. A 
Treatise advocating a Reluin to the Natural and Ancient Food of 
our Race. * Third Edition. Small crown Svo, 2 j. 

The Spiritual Hermeneutics of Astrology and Holy 
Writ. Illustrated. 410, parchment, lor. Gd, 

R'INGSFORD, Anna, and MAITLAND, Edioard-ThQ Virgin 
of the World of Hermes Morcurius Trismegislus. 
Rendered into English. 410, ])arcliinent, lojr. ou. 

The Perfect Way ; or, The Finding of Christ. Third Edition, 
Revised. Square i6mo, p, 6d, 

ATNGSFORD, If2///fl;;?.~-Hislory of Canada. 3 vols. Svo, £2 $5, 

KITTON, Fred, C 7 .~-John Deech, Artist and Humourist. A 
Biographical Sketch, Demy iSmo, is, 

KRAUS, 7.— Carlsbad and its Natural Healing Agents. 
With Notes, Inlroductoiy, by the Rev. John T. Wai.i.lrs. 
Third Edition. Cro^im Svo, 6 ^. Gd. 

LAMB, Beauty and the Beast *, or, A Rough Outside 

with a Gentle Heart. A Poem. Fcap. Svo, vellum, lOf. Gd. 

LANG, Andf'ew , — Lost L^ders. Crown Svo, Ss, 

Lathe (The) and its Uses; or, Instruction in the Ait of Tu’.nj.g 
Wood and Metal. Sixth Edition. Illijstrated. 8V0, ioj. 6./' 

/RE, Frederick Geo , — A Manual of Politics, In three Chapfc!', 
With Footnotes and Appendices. Small crown Svo, 2s, Gd. 

KEFEVRE, Right Hon, G, Shaw.^Veel and* O’Connell. D.u'y 
8vo, loj. Gd, 

Incident£ of Coercion. A Journal of Visits to Ireland. Third 
Edition. Crown^Svo, limp cloth, is. Gd , ; paper covers, is, 

Irish Members and English Gaolers. Crown Svo, limp 
cloth, IS. Gd, ; paper covers, is. 

Combination and Coercion in Ireland. A Sequel to 
“Incidents of Coercion.” Crown Svo, cloth, •u. 6d.; paper 
covers, is, * 
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LELANDy Charles ( 7 .--The Breilmann Ballads. The only au- 
thorized Kdition. Complete in i vol., including Nine^en 
Ballads, illustrating his Travels in Europe (never before printed). 
Crown 8vo, 6j. 

Gaiideamus. Humorous Poems translated from the German of 
Joseph Victor SciieE'eel and others. 161110, 3J. 6</. 

The English Gipsies and their Language. Sccopd Edition. 

* ^rown Svo, yj. 6</. 

Ifu^ang; or, The Discovery of America by Chinese Buddhist 
I’riests in the Fifth Century. Crown Svo, 7^. (id, 

Pldgin-English Sing-Song ; or, Songs and Stories in the 
China-English Didlcct. With a Vocabulary. Second Edition. 
Crown Svo, 5^. 

The Gypsies. Crown Svo, loj. (id, 

L^^ht on the Path. For the Personal Use of those who are Ignorant 
of the Eastern Wisdom. Written down by M. C. Fcap. Svo, 
Ij*. (id, ^ 

LOCIIERy Carl,—Ku Explanation of Organ Stops, with Hints 
for Effective Combinations, Demy Svo, 5^. 

LONGFELLOW y //. Wads^vorth, — Life. By his Brother, Samuel 
Long I ellow. With Portraits and Illustrations. 3 vols. Demy 
Svo, 42J. 

LONSDALEy Margaret, — Sister Dora : a Biography. With Portiait. 
Thirtielh Edition. Small crown Svo, 2s. 6d. 

George Eliot: Thoughts upon, her Life, her Books, and 
Herself. Second Edition. Small crown Svo, is, 6d, 

Lotos Series (The). Pot Svo, bound in two styles: (i) cloth, gilt 
back and edges ; (2) half-parchment, cloth sides, gill top, uncut, 
3J. 6d, each, * 

The Original Travels and Surprising Adventures of 
Banin Muncjiausen. Illustrated by Alfred Crovvquill. 

The Breitmann Ballads. By Charles G. Leland. Author’s 
Copyright Edition, with a New Preface and AcJ^ilional Poems. 

Essays on Men and Books Selected from the Earlier 
Writings of Lord Macaulay. Vol. I. Introductory — 
Lord Clive — Milton — Earl Chatham — t.ord Byron. With Criti- 
cal Introduction and Notes by Alexander K. Japp, LL.D. 
With Portraits. , 

The Light of Asia ; or, The Great Renunciation. Being the 
Life and Teaching of Gautama, Prince of India and Founder 
of Buddhism. Told in Verse by an Indian Buddhist. By Sir 
F.dwim Arnold, K.C.I.E,, C.S.I, With Illustrations and a 
Portrait of the Author, • 
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Lotos Series (The) — continued. 

The Marvellous and Rare Conceits of Master Tyll 
Owlglass. •Newly Collected, Chronicled, and set forth in an 
English Tongue. By Kenm:tu H. R. Mackenzie. Adorned 
with many most Diverting and. Cunning Devices by Alfred 
CROWO’JILI.. 

A Iiover’s Litanies, and other I'ocms, liy Eric M^fCKAY. 
With Portrait of the Author. 

The I^arge Paper Edition of these Volumes will be limited to 
loi numbered copies for sale in England, price \2s,6d. each, net. 

Lowder, Charles : A Biography. By tTic Author of “ St. Teresa.” 
Twelfth EcAtion. With Portrait. Crown Svo, p. 6d. 

1. OWELLy James The^Biglow Papers. Edited by Thomas 

IlUUHES, Q.C. First and Second Series in i vol. Fcap., 2sd^. 

dOirSLEV, Major B . — A Glossary of Berkshire Words and 
Phrases. Crown 8vo, half-calf, gilt edges, interleaved, i2j. (>d. 

LUCKESy Eva C. ^.—Lectures on General Nursing, delivered to 
the Probationers of the I.ondon Hospital Training School for 
Nurses. Third Edition. Crown Svo, 2s. Qd. 

• 

LUDEWJGy Hermann E. — ^The Literature of American Abori- 
ginal Languages. Edited by Nicolas Tri bner. Svo, 
lor. (id. 

JMKJNy J . — Amon^t Machines. A Description of Various Me* 
chanical Appliances uSbd in the Manufacture of Wood, Metal, 
etc. A Book for Boys. Second Edition. 64 Engravings. 
Crown Svo, 3X. (id. 

The Young Mechaific. Containing Directions for the Use of 
all Kinds of Tools, and for the Construction of Steam-Engines, 
etc. A Book for Boys. Second Edition. With 7o.Engravings. 
Crown Svo, 3J. (id. • 


The Boy Kngineers : What they Did, and How they Did it. 
A Book f(fr Boys. 30 Engra\ings. Imperi:)! i6iuo, 3X. 6d, 


IJJMLEYy The Art of Judging the Character of Indi- 
viduals from their Handwriting and Style. With 35 
Plates. Square i6ino, 5y. 



LYTTONy Edinard Btthvery J^rJ. — Life, Letters and Literary 
Remains. By his Son, the I-Iarl of Lytton. With Portraits, 
Illustrations and Facsimiles. Demy Svo. Vols. I. and II., 32J. 

MACDONALDy IV. -4.— Humanitism : The Scienlihc Solution of 
the Social Pioblcm. Laigc post Svo, 7j. (id. 


C 
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JIUCH/AVMLU, Nicco/o. 

Discourses on the First Decade of Titus Livius* Tri 5 is- 
latcd from the Italian by Ninian Hill Thomson, ]\I.A, Large 
crown 8 VO, I 2 j. 

The Prince. TinnslatcA from the Italian by N. II. T. Small 
^ crown 8\o, printed on hand-made paper, bevelled boards, 6jr, 

//.—The Useful Native Plants of Australia (in- 

» cluaing Tasmania). Demy Svo, 12^. 6f/. 

Main tenon, Madame de. Ity Emii.y JIowlfs. ^Vith Portrait, 
Large crown Svo, 7^. GJ, 

lilARCIlANT^ IF. T . — In Praise of Ale. Songs, r Ballads, Epigrams, 
and xVnecdotes. Crown Svo, lOJ. Gd, 

MARiniAM^ Cap!, AIhc?i A\A^. — The Great Frozen Sea: 

‘ A Persoiial Narralixe* of the Voyage of the during the Arctic 
Expedition of 1875 -6. \\ith 6 lull-page Illubtvations, 2 Maps, 
and 27 Woodcuts. Sixth and Cheaper Ed i, don. Crown Svo, 6 s, 

Marriage and Divorce. Tnclu'b'ng Religious, Piactical, and Political 
xVspccts of the (Question. By Ai* Kicharo. Crown Svo, 5^, 

MARTIN, G, yf.—The Family Horse: Its Stabling, Care, and 
Feeding, Ciown Svo, 3^“. 6 d, r 

MA TIIERS, S, L, J/.— The Key of Solomon the King. Translated 
from Ancient MSS. in the Biiiish Museum. With Plates. 
Crown 4to, 25^. 

The Kabbalah Unveiled. Containing the Three Books of the 
Zoliar. Translated into English. With Plates. Post Svo, 
loj. 6 d, 

The Tarot : its Occult Signification, Use in Fortune- 
Telling, and Method ot Play. 32mo, is, 6 d , ; with pack 
of ^8 Tarot Cards, 5.r. 

MAUDSLEY, JL, Body and Will. Being an Essay con- 

cerning Wdl, in its Metaphysical, Physiological, and Pathologic:;! 
Aspects. Svo, I2J. ^ 

Natural Crfhses and Supernatural Seemings. Second 
Edition. Crown Svo, 6 s, 

Mechanic, The Young. A Book for Brtys. Containing Directions 
for the Use of all Kinds of Tools, and for the Construction of 
Steam-Engines and Mechanical Models, By the Ilev. J. LUKIN. 
Sixth Edition. With 70 Engravings. Crown Svo, 3 j. 6 d, 

Mechanic’s Workshop, Amateur. Plain and Concise Directions 
f(jr ific Manipulation of Wood and Metals, By the Author of 
‘‘The Lathe and its Uses.” Sixth E«ihtion. Illustrated. Demy 
Syo, 6 s, 
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Mendelssohn’s Letters to Ignaz and Charlotte Moscheles. 
Translated by Felix Mosciielles, Numerous lllusliations and 
Facsimiles, ^vo, 12 j. 

METCALFE^ Frcderkh—HYi^ Englishman and the Scandina- 
vian. Post 8vo, i8j. 

MINTONy Rev. Francis.— Cnpii^l and Wages. Svo, 15^. 

The*Welf are of the Millions. Crown Svo, limp dol^ %s, 6 d. ; 
paper covers, u, ^ 

Mitchel, John, Life. Py William Dili.on. 2 vols. With lortrait. 
Svo, 2ir. 

MITCIIELLy Lucy M.—K History of Ancient Sculpture. With 
numerous illustrations, including 6 Plates in Phototype. Super- 
royal Svo, 42s. 

Mohl, Julius and Mary, l^ettors and Recollections of. By 
M, C. M. SiMl’bON. With Portraits and 2 Illustrations. DCftiy 
Svo, 15J. 

MOODIEi D. C. 7 ^.— The History of the Battles and Adven- 
tures of the British, the Boers, the Zulus, etc., in 
Southern Africa, fiom the Time of Pharaoh Nccho to 1880. 
With Illustrations and Coloured Maps. 2 vols. Crown Svo, 36J, 

Jl/ORF/T, Campih'i/.— A ^'Priiciioal Treatise on the Manufac- 
ture of Soaps, With Illusluitions. Demy Svo, £2 I2s, 6d, 

A Practical Treatise on Pure Fertilizers, and the Chemical 
Converi ion of Rock Guanos, etc., into various valuable Products, 
With 2S Plates. Svo, £445. 

MOORE, Aubrey Z.— Scieneft and the Faith : Essays on Apologetic 
Subjects. Crown Svo, 6r. 

MORISON, y. Cotier . — The Service of Man : an Essay towards the 
Religion of the Future, Ciown Svo, 55. 

MORRIS, Charles. — Aryan Sun-Myths the Origin of Religions. 
With an Introduction by Charles Morris. Crowu Svo, 6j. 

MORRIS^ Gouverncur, U.S. Minister to France. — Diary and Letters. 
2 vols. Demy Svo, 30J. 

MOSENTHAL, % de, and LIAR TING, yames it- Ostriches and 
Ostrich Farming. Second Edition. With S full-page Illus- 
trations and 20 Woodcuts. Royal Svo, io.r. Gd. 

Motley, John Jfcothrop, A Memoir. By Oliver Wendell Holmes. 
Crown Svo, 6s. , 

MULHALL, M. G. and E. 7 ’.— Handbook of the River Plate, 
comprising the Argentine Republic, Uruguay, and Paraguay. 
With Six Maps. Fifth Edition. Crown Svo, yr. 6d, 

Munro, Major-Gen, ^ir Thomas, A Memoir, ^ly Sir A. J. 
Arbuthnot. Crown Svo, 3J-. 6d. 
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K atural History. “ Riverside ” Edition. Edited by J. S. Kingsley. 
6 vols. 2200 Illui^trations. 410, 6s, ^ 

Af’:i'/LLy y. //. A’:-»The Biology of Daily li ife. Post 8vo, 31. 6</. 

NKlVAIANy Characteristics from the Writings of. 

Ik’ing Selections from •his various Works. Arranged with the 
Author’s personlil Approval. Eighth Edition. With Portrait. 

« Crown 8vo, 6s. « 

I’ortrait of Cardinal Newman, mounted for framing, can 

» be had, 2s. 6(1. 

Ay WMANy Francis William . — Essays on Diet. Small crown 8vo, 
cloth limp, 2J. , 

Miscellanies. Vol. II., III., and IV. Hasays, Tracis, and 
Addresses, Moral and Religious. Demy 8vo. Vols. IJ. and III., 
I2J. Vol. IV., lOJ. 6lL 

Heminiscences of Two Exiles and Two Wars. Crown 
8vo, 3J. 6d. 

Phases of Faith ; or. Passages fiom the 'ilistory of my Creed. 
Crown 8yo, 3J. 6d. 

The Souls Her Sorrows and her Aspirations. Tenth Edition. 
Post 8vo, 3 j. 6d. 

Hebrew Theism. Royal 8vo, 4s. 6d. 

Anglo-Scixon Abolition of Negro Slavery. Demy 8vo, 5J. 

New South Wales, Journal and Proceedings of the Royal 
Society of. Published annually. Price io,r. 6d, 

New South Wales, Publications* of the Government of. 
List on application. 

New Zealand Institute Publications:— 

t 

* I. Transactions and Proceedings of the New Zealand In- 
stitute. Vols. 1 . to XX., 1868 to 1887. Demy 8vo, stitched, 
each. 5 

II. An" Index to the Transactions and Proceedings of 
the New Zealand Institute. Edited by James Hector, M.D., 
E.R.S. V*ls. I. to VlIJ. Demy 8vo, 2s. 6a. 

New Zealand : Geological Survey. List of Publications on ap- 
plication. V 

OATES, Frank, Matabele Land an& the Victoria 

Falls. A Naturalist’s W.andcring^ in the Interior of South 
Africa. Edited by C. G, Oates, Tl.A, With numerous Illustra- 
tions and 4 Maps. Demy 8vo, 2IJ, 

OERIEN, Rk. Barry .— Wrongs and English RemedieSi 
w’itli other Essays. Crown Svo, Sj. ^ 
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O'BRIEN, R, Bai^ry, — contimtaf. 

The Home Ruler’s Manual. Crown Svo, cloth, is, 6t /, ; 
paper covers^ is, 

OLCOTT, 5. —Theosophy, Religion, and Occult Science. 
With Glossary of Eastern Words. Crown Svo, 7 j. (ni, 

Po^humous Humanity. A Study of Phantoms. Py^OLPUB 
D'Assikr. Tran‘^lated and Annotated by Henry /...^Olcott. 

Our Public Schools— Eton, Harrow, Winchester, Rugby, 
Westminster, Marlborough,^ The Charterhouse. 

Crown Svo, 6s, 

# 

OWEN, Robert Dale . — Footfalls on the Boundary of Another 
World. With Narrative Illustrations. Post Svo, ^js. 6d. 

The Debatable Land between this World and the N^t. 
With Illustrative Narrations. Second Edition. Crown Svo, 
7 j. 6d, » 

Threading my Way. Twenty-Seven Years of Autobiography. 
Crown Svo, yj. 6d. I 

OXLEY, Modern Messiahs and Wonder-Workers. 

A History of the* \'’arious Messianic Claimants to Special Divine 
Prerogatives. Post Svo, 5 j. 

Parchment Libniry. Choicely Printed on hand-made paper, limp 
parchment antique or cloth, 6s, ; vellum, yj. (id, each volume. 

Selected Poems of Matthew Prior. With an Introduction 
and Notes by Austin Dobson. 

Sartor Resartus. By Thomas Carlyle. 

The Poetical Works of John Milton. 2 vols. ^ 

Chaucer’s Canterbury Tales. Edited by A. \\. Pollard, 
2 vols. m 

Letters and Journals of Jonathan Swift. Selected and 
edited, wj^h a Commentary and Notes, by Stanlev Lank-Pooi.e. 

De Quincey’s Confessions of an English Opium Eater, 
Reprinted from the Eiist Edition. Edited by Richard Garnli’T. 

The Gospel according to Matthew, Mark, and Luke, 

Selections from tha Prose Writings of Jonathan Swift. 
With a Preface and Notes by Stanley Lane- Poole and 
Portrait. 

English Sacred Lyrics. 

Sir Joshua Reypolds’s Discourses. Edited by Edmund 
Gosse. 
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Pn rchment Library— 

Selections from Milton’s Prose Writings. Edited^ by 
Ernest Myers. *• 

The Book of Psalms. Translated by the Rev. Canon T. IL 
Cheyne, M.A., D.l), * 

Xbo Vicar of Wakefield. With Prchicc and Notes by Austin 
SlV)RSON. ‘ 

English Comic Dramatists. Edited by Oswald Crawfurd. 

English Lyrics. 

The Sonnets of Jlohn Milton. Edited by Maric Pattison, 
With Portrait after Veitue. 

French Lyrics. Selected and Annotated by George Saints- 
BURY. With a hliniuture Fio^itispicce dcbigncd and etched by 
^ II. G. Glindoni. 

Fables by Mr. John Gay. With Memoir by Austin Dobson, 
and an Etched Portrait from an unfinished Oil Sketch by Sir 
Godfrey Kncller. 

Select Letters of Percy Bysshe Shelley. Edited, with an 
Introduction, by Ricuard Garnett. 

The Christian Year. Thoughts in Verse for the Sundays and 
Holy Days throughout the Year. With Miniature Portrait of the 
Rev. J. JCeblc, after a Drawing by G. Richmond, R.A, 

Shakspere’s Works. Comi>lcte in Twelve Volumes. 

Eighteenth Century Essays, ^Selected and Edited by Austin 
Dobson. With a Miniature Frontispiece by R, Caldecott. 

Q. Horati Flacci Opera. Edited by F, A. Cornish, Assistant 
Master at Eton. With a Frontispiece after a design by L. Alma 
Tadema, etched by Leopold Lowenstam, 

Edgrfr Allan foe’s Poems. With an Essay on his Poetry by 
Andrew Lang, and a Frontispiece by Linley Sambourne, 

Shakspere’s Sonnets, Edited by Edward Dowden. With a 
Frontispiece etched by Leopold Lowenstam, after the Death 
Mask. 

English Odes. Selected by Edmu^^d Gosse. With Frontis- 
piece on India paper by Ilamo Thornycroft, A R.A, 

Of the Imitation of Christ. By Thomas X Kempis. A 
reused Translation. With Frontispiece on India paper, from a 
Design by W. B. Richmond. 

Poem^: Selected from Percy Bysshe Shelley. Dedicated to 
Lady Shelley. With a Preface by Richard Garnett and a 
Miniature Frontispiece, 
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l^ARSLOE, Joseph.— OViT Railways. Sketches, Historical and 
Descriptive. With Practical Information as to Fares and Rates, 
^ clc., and a Chapter on Railway Reform. Crown Svo, 6 j. 

EATON, A. A*History of the Egyptian Revolution, from 
the Period of the Mamelukes to the Death of Mohammed Ali. 
Second Edition. 2 vols. Demy Svo, ys, Od. 

7^A 1/L7, Rernhoti/.—Simon de Montfort, Earl of Leicester, the 
Creator of the House of Commons. Crown Svo, 6 j. ^ • 

Paul of Tarsus, Ry the Author of “Rabbi jesbna.”# Crown Svo, 

4f. 6d. • 

PEMBJiRTON, T. Charles Dickens and the Stage. A 

Record of his Connection with the Drama. Crown Svo, 6 j. 

2EZZI, Domenico . — Aryan Philology, according to the most recent 
rcscarclies (Glottologia Aria Recentissima). Translated by E. S. 
Roberts. Crown Svp, 6 j. 

PFEIFFER, Emily.— 'SNf omGn and Work. An Essay d!P the 
Relation to Health and Physical Development of the Higher 
Education ftf Girls. Crown Svo, 6 j. 

Phantasms of tho Living. By Edmuno Gurnky, Freueric W, 
H. Myers, M.A., and Frank Poomore, M.A, 2 vols. Demy 
Svo, 2is. 

Philological Society, Transactions of. Published irregularly. 
List of Publications on application. 

PJCCIOTTO, Sketches of Anglo- Jewish History. Demy 

Svo, 12J. 

Pierce Gambit : Chess Papers and Problems. By James 
Pierce, M.A., andAV, TiMiiREi.!. Pierce. Crown Svo, 6s. 6d. 

PIESSE, Charles ZA— -Chemistry in the Brewing-Room. Being 
the suli^tance of a CouroC of Lessons to Piactical Brewers. 
Fcap., 5J. • ^ 

PLINY . — The Letters of Pliny the Younger. Translated by 
J. D. Lewes. Post Svo, Ss. t 

PLUMPTRE, Charles King’s College Lectures on Elocu- 

tion. Fourth Edition. Post Svo, iJj. 

POOLE, W. An Index to Periodical •Literature. Third 
Edition. Royal Svo- £3 13J. 6d. 

POOLE, IF. F., and gLETCHER, W. /.—-Index to Periodical 
Literature. First Supplement. 18S2 to 1SS7. Royal Svo, 

Practical Guides. — France, Belgium, Holland, and the Rhine, xs. 
Italian Lakes, xs. Wintering Places of the South. 2s. 
Switzerland, Savoy, and North Italy. 2s. 6d. General Con- 
tinental Guide. 5^. Geneva, xs. Paris, u# Bernese Ober- 
land. is. Italy. 4^. 
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\ 

Psychical Research, Proceedings of the Society for. Published 
irregularly. Post Svo. Vol. f. to III. los, each. V'ol. IV, 8r. 
Vol. V. io.f. 

PURITZy Lttifu’iff.- Code-Book of GyTnnaslic‘'Kxercises. Trans- 
lated by O. Knoke and J. W. MAa^TiEEN. 321110, i.r. 6J. 

RAPSON, Edward J.— The Slruggle between England and 
France for Supremacy in India. Crown 8vc, 4J. 6^/. 

RAVEN^EIN, E. G., and HVLLEY, The Gymnasium 

j anaits Fittings. \Yiih 14 Plates of Illustrations. Svo, 25, 6d, 

READEy Winwood.~T\\^ Martyrdom of Man. Thirteenth Edition. 
Svo, 7 j. 6(/. 

RE.YDELL, J, i1/.— Coricise Handbook of the Island of 
Madeira. With Plan of Funchal and Map of the Island. Second 
Edition. Fcap. Svo, is. 6t/. 

Rl/yS, Lectures on Welsh Philology. Second Edition, 

Crown Svo, J5f. 

RIEEAL, C. Wellerisms, from “ Pickwick *’ and “ Master 
Humphrey’s Clock.” iSmo, 2 j. 

RIPPER^ IVilliam . — Machine Drawing and Design, for En- 
gineering Students and Practical Engineers. Illustrated by 55 
Plates and numerous pAplanatory Notes. Royal 4to, 25 j, 

ROBINSONy A. Mary /’.—The Fortunate Lovers. Twenty-seven 
Novels of the Queen of Navarre. Large crown Svo, lor. 6/. 

ROLFE, Eustace Nevittc, and JNGLEBY, Naples in 

1888. Illustrations. Crown Svo, 6;*. 

ROSMINI SERB A 77, Antonio. — Life. I'By the Rev. W. Lockhart. 
2 vols. With Poitraits, Crown Svo, 12s, 

ROSSt Percy.—E Professor of Alchemy. Crown Svo, 3J. 6/. 

RGZITLEEGE, James.- English Rule ‘and Native Opinion in 
India. Svo, los. 6d. 

RULE, Marlin, M.A.-^The Life and Times of St. Anselm, 
Archbishop of Canterbury and Primate of the 
Britains. 2 vols. Demy Svo, 32J. 

RUTHERFORD, The Autobiography of Mark Ruther- 

ford and Mark Rutherford’s Deliverance. Edited by 
Reuren SiiAi’Co rT. Third Edition. Crown Svo, *js. 6d, 

The Revolution in Tanner’s Lane. Edited by Reuben 
Shai’COTT. Crown Svo, *js. 6d. 

Miriam’s Schooling : and other Papers. Edited by Reuben 
ShapcO'IT. Crown Svo, 6s. 

SAMUELSON^ Jamos.--lndia, Past and Present : Historical, 
Social, and Political. With a Map, Explanatory Woodcuts and 
Collotype Views, Portraits, etc., from ^0 Photographs. Svo, 21s, 
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SAMUELSON, James — continued. 

^ History of Drink. A Review, Social, ScieiUifu:, and Political. 
Second Edition. 8vo, 6j. 

Bulgaria, Past and Present : Historical, Political, and De- 
5?criptive. With Map and numerous Illustrations. Demy 8vo, 

lOf. 6t/. 

SANDWITH, F. yl/.— Egypt as a Winter Resort. Crawn 8vo, 

*3f. 6./. * 

SANTIAGOE, Daniel. — The Curry Cook’s Assistant F®ap. 8vo, 
cloth. IJ. 6d. \ paper covers, u. 

SAYCE, Eev. Archibald Henry. — Introduction to the Science of 
Language. New and Cheaper Edition. 2 vols. Crown 8vo, gs. 
SAYWELL, J. — New Popular Handbook of County Dia- 

lects. Crown 8vo, 5 j. 

SCIIAIBLE^ C. //.—An Essfiy on the Systematic Training of 
the Body. Crown 8vo, 5J. 

SCHLEICHER^ August. — A Compendium of the Comparative 
Gramm a P of the Indo-European, Sanskrit, Greek, 
and. Latin Languages. Translated from the Third German 
Edition by IIerukrt Bendall. 2 parts. 8vo, 13J. dd. 
SCOONES, \V. Baptiste.— Yemv Centuries of English Letters : 
A Selection of 3^0 Letters by 150 Writers, from the i’eriod of the 
Paston Letters to the Present Time, Third Edition. Large 
crown 8\o, 6s. 

SCOTT, Benjamin.— A Stale Iniquity : Its Rise, Extension, 
and Overthrow. Demy 8vo, plain cloth, 3.7. 6/ ; gilt, 5 j. 
SELBY, H. J/.— The Shakespeare Classical Dictionary; or. 
Mythological Allusions in the Plays of Shakespeare Explained. 
Fcap. Svc), IS. 

Selwyn, Bishop, 0/ New^Zealand and of Lichfield. A Sketch of his 
Life and Woik, with Further Gleanings from his Letfcrs, 
Sermons, and Speeches, By the Rev. Canon Curteis. Large 
crown 8yo, 7j. 6d. ^ 

SERJEANT, JV. C. Eldon.— Astrologer’s Gu^de (Anima 
Aslrologiae). Demy 8vo, yj. 6d. 

Shakspere’s Works. The Avon Edition, 12 vols., fcap. Svo, cloth, 
i8j. ; in cloth box, 21s. ; bound in 6 vols.„cIolh, 15J. 
Shakspere’s Works# an Index to. By EvANiiiiLiNE O’Connor. 
Crown €vo, 5J. 

SHAKESPEARE —T\ni Bankside Shakespeare. The Comedies, 
Histories, and Tragedies of Mr. William Shakespeare, as pre-* 
sented at the Globe and Blackfriars Theatres, circa 1591-1623. 
Being the Text furnished the Players, in parallel pages with the 
first revised folio text, wdlh Critical Introduction'fi. Svo, 

* [In preparation. 
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SlIAKESrEARE-^ontimiciU 

A New Study of Shakespeare. An Inquiry into the C^- 
ncclion of tlic PLiys and J^ocnis, with the of the Classical 

Drama, and with the Platonic Philosophy, tlirough the Mysteries. 
Demy 8vo, loj. ^d. 

Shakespearc-s Cymbeline. Edited, nitli Notes, by C. M. 
I.NGLLiiY. Crown 8vo, is, 6 d. 

A ifiew Variorum Edition of Shakespeare. Edited by 
I Horace Howard PuKNESs. Koyal Svo. Vol. 1 . Romeo and 
Juliet. iSf. Vol. II. Macbeth. i8j. Vols. III. and IV. 
iiamlet, 2 vols. 30 f. Vol. V. King Lear. iS.f. Vol, VI. 

Othello. iSr. * 

Shakspere Society (The New).— Subscrlplion, one guinea per 
annum. List of Publications on application. 

SI/£LLEyt Percy Pysslic.—IAiQ, Ily Edward Dowden, LL.D, 
2 vols. \Vith Portraits, Demy 8vo, 36?. 

SJBREEi James, Jtm , — The Great African li^iand. Chapters on 
Madagascar. A Popular Account of the Physical (icography, 
etc., ol the Country. \Vjih Physical and Ethnological l^Iaps and 
4 Illustrations. Svo, lor. (id, 

SIGERSON, George, J 1 /.Z>.— Political Prisoners at Home and 
Abroad, With Appendix on Dietaries. Crown Svo, 2s, (>d, 

SIMCOX, Episodes in the Lives of Men, Women, 

and Lovers. Ciown Svo, 7^. (id, 

SINCLAIR, Essays : in Three Kinds. Crown Svo, 

IS. Od. ; wrappers, is, 

Sinclairs of England (The). Crown 8vo, 12s. 

¥ 

Sli^NETT, A. P . — The Occult World. P'uuith Edition. Crown 
Svo, 3J. (id. 

Incidents in th^ Life of Madame Blavatsky. Demy Svo, 
lor. Sd, 

Skinner, James : ^ Memoir. IJy the Author of “Charles Lowder.” 
With a Preface by the Rev. Canon Carter, and Portrait, 
Large crown, *js, 6 d. 

Alsu a dicai) I^dition. With Portrait.* Fourlh^Edition. Crown 
Svo, 3J. 6 d, 

• 

SMITH, Hiintwe^on,—K Century of A.mcrican Literature : 
Benjamin Franklin to James Russell Lowell. Crown 
Svo, 6 j. 

SMITH, 5 '.— ’fhe Divine Government. Fifth Edition. Crown 
Svo, 6 s. * 
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SMYTH^ R, Broii^h. — ^The Aborigines of Victoria. Compiled 
for the Government of Victoria. With Maps, Plates, and Vvood- 
cuts. 2 v^ls. Koyal Svo, 3.r. 

Sophocles; The Seven Play«5 in English Verse. Translated by Lewis 
Campbell. Crown Svo, yj. 

Specimens of English Prose Style -from Malory to Ma- 
■ caulay. Selected and Annotated, with an Introdncipry Essay, 
by George Saints dury. Large crown Svo, prin.fd on hand- 
made paper, parchment antique or cloth, I2j. ; vUlum, 15J. 

SPEDDING^ James,— 'T\i^ Life and Times of Francis Bacon. 

2 vols.' Post Svo, 21J. 

* » 

Spinoza, Berjcdict do \ Ilis Life, Correspondence, and Ethics. I5y 
R. Willis, M.D. Svo, 2ir. 

SPRAGUE, Charles E. — Handbook of Volnpiik : The International 
Language. Second Edition. Crown Svo, 5J‘. 

ST, HILL, Katharine.— 'ThQ Grammar of Palmistry. Witli 
18 Illustrations. l2mo, is, 

STOKES, Whitley^ — Goidelica : Old and Early-Middle Irish Glosses. 
Prose and Verse. Second Edition. Med. Svo, iSr. 

STRACnEY,SirJoh7i,G,C,S,L—\Xi<i\^, With Map. Demy Svo, i Sr. 

STREET, J, C.— Th*o Hidden Way across the Threshold ; or, 
The Mystciy which hath been hidden for Ages andjrom Genera- 
tions. With Plates. Large Svo, 15J, 

SUMNER, W, G.—What Social Classes owe to Each Otlior. 
iSmo, 3.V, (id, , 

SWINBURNE, Algernon Charles. — A Word for the Havy. 
Imperial loino, ^s. 

The Bibliography of Swinburne, 1857-1887. Crown Svo, 
vellum gilt, 6s, * 

Sylva, Carmen (Queen of Roumania), The Life of.. Translated by 
Baroness Deichmann. With 4 1'ortAits and 1 Illustration. Svo, 

I2J. 

TAYLER, Jp J. — A Betrospect of the^ Religious Life of 
England ; or, Church, Puritanism, an*l PTce Inquiry. Second 
Edition. Post Svo, yj, Od. • 

TA YLOR, R^!, Canotl Isaac, LL.D. — The Alphabet. An Account of 
the (Jrig'ii and Development of Letters. With numerous Tables 
and Facsimiles.* 2 vols. Demy Svo, 36J. 

Leaves from an Egyptian Note-book. Crown Svo, 5 ^. 

TA YLOR, Sir Henry, — The Statesman. Fcap. Svo, 3J. 6d, 

Taylor, Reynell, q.B., C.S.I. ; A Biography.* By E. Gambier 
Parry, With Portait and Map. Demy Svo, 14J. 
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Technological Dictionary of the Terms employed in the Arts and 
Sciences ; Architecture ; Engineering ; Mechanics ; Shipbuilding 
and Navigation ; Metallurgy; Mathematics, ^tc. Second Edition. 
3 vols. 8vo. 

VoL I. German-English-Frcnch. I2 j. 

Vol. IT. English- German-French. I2J“. 

Vol^III. French-German- English, isr. 

THACA'^AY, Rev. S. W., LL.D—rhe Land and the Com- 
fnunity. Crown 8vo, 3^. 6 d, 

THACKERAY^ IFiliiam Makepeace.— Kn Essay on the Genius of 
George Cruikshank. Reprinted verbatim from the West- 
viinster Review, 40 'illustrations. Large papeij Edition. Royal 
8vo, 7 j. 6</. 

Sultan Stork ; and other Stories and Sketches. 1829-1844. 

Now First Collected. To which* is added the Bibliography of 
^ Thackeray, Revised and Conbitlerably Enlarged. Large demy 

8 VO, lOJ. 

THOMPSON^ Sir Diet in Relation to Age and Activity. 
Fcap. 8vo, cloth, is. 6 d, ; paper covers, is. 

Modern Cremation. Crown Svo, 2 s, 6 d. 

Tobacco Talk and Smokers’ Gossip. i6mo, 2s, 

TRANT, Trade Unions: Their Origin, Objects, and 

Efficacy. Small crown Svo, is, 6 d . ; paper covers, is, 

TRENCIL The late R, C., Archlnshop.Sj&\\.^v^ and Memorials. 
By the Author of Charles Lowder.” With two Portraits, 
2 vols. Svo, 2IJ. 

A Household Book of English Poetry, Selected and 
Arranged, with Notes. Fourth Edition, Revised. Extra fcap, 
^ Svo, 5J. • 

An Essay on the Life and Genius of Calderon. With 
Translations from his “Life’s a Dream” and “Great Theatre of 
the Woild.” SAond Edition, Revised and Improved. Extra 
fcap. 8vo, 5 j. ^d. 

Gustavus Adolphus in Germany, and ot,her Lectures 
on the ThiVty Years* War. Third Edition, Enlarged. 
Fcap. Svo, 4r.! 

Plutarch ; his Life, his Lives, and this Morals. Second 
Edition, Enlarged, Fcap. Svo, 3J. (id, • 

Remains of the late Mrs. Richard Trench. Being Selec- 
tions from her Journals, Letters, and other Papers. New and 
Cheaper Issue. With Portrait. Svo, 6 s, 

Lectures on Mediaeval Church History. Being the Sub- 
stance of Lectures deliveied at Queen’s College, London. Second 
Edition. Svo, I2 j. 
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TRENCH, The late R, C,, Archbishop — continued, 

% English, Past and Present. Thirteenth Edition, Ixcviscd and 
Improved. yFcii]). 8vo, 5^. 

On the Study of Words. Twentieth Edition, Revised. 
Reap. 8vo, 5 j. • 

Select Glossary of English Words used Formerly in 
•Senses Different from the Present. Scvein^ii Edition, 
Revised and Enlarged. Ecaji. 8vo, 5J. 

Proverbs and Their Lessons. Seventh Ediifon, Enlarged. 
Fcap. 8vo, 4J. 

TRIMEN, South-African Bu»ttcrflies. A Monogjaph of 

the Exti'a-Troincal Sjiccies. With I2 Coloured Tlaies. 3 vols. 
Demy Svo, £, 2 . I2.f. (id, 

Triibner’s Bibliographical Guide to American Literature. 

A Classed List of Rooks published in the United Stffces of 
America, from 1817 to 1857. Edited by Nicoi.As Tiii uner. 
8vo, half-bound, iSj. 

TRUMBULL, H, Clay . — The Blood-Covenant, a Primitive 
Rite, and its Bearings on Scripture. Tost Svo, 7^. (id, 

TURNER, Charles Edward, — Count Tolstoi’, as Novelist and Thinker. 
Lectures delivered at the Royal Institution, Crown Svo, 3^. (id. 

The Modern Novelists of Russia. Lectures delivered at 
the Taylor Institution, Oxford. Crown Svo, 3.r. (id. 

TWEED IR, Mrs. Alee.’— The Ober-Ammergau Passion Play, 
1890 . Small cro\'yi Svo, 2s, 6d. 

VAUGHAN, H. //.—British Reason in English Rhyme. 
Crown 8v' 1, 6 j. 

VESCELIUS-SHELDON^ I.omse.--Kn I. D. B. in South Africa. 
Illustrated by G. E. Graves and Al. Hl.ncki.. Crouii^vo, 
7j. (id, 

Yankee Girls in Zulu-Land. Illi#lrated by fl. E. Graves. 
Crown Svo, 5J. • 

Victoria Government, Publications of the. \List i,t preparation, 

• 

VINCENT, Frank, — Around and about South America. 
Twenty Months of Quest and Query. With Maps, Tlans, and 
54 llli^trations.* Medium Svo, 21s, 

IVA/TE, A, E.—'Livesjof A Ichemystical Philosophers. Demy 
Svo, lor. 6d. 

The Magical Writings of Thomas Vaughan. Small 4to, 
lor. (id. 

The Real History of the Rosicrucians. With Illustrations, 
Crown 8yo, 7j.*6/. 
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irAITEf A, E. — continued. 

The Mysteries of Magic. A Digest of the Writings of tliphffs 
L^vi. With Illustrations. Demy Svu, ioj. 6 /. 

XVAKE^ C, Serpent-Worship, and other Kssays, 

with a Chapter on Tolemism, Demy 8vo, ioj. ^d. 

The Development of [.Marriage and Kinship. Demy 
iSj*. ' 

Wales.— Thiongh North Wales with a Knapsack, By Four 
Schoolmistresses. With a Sketch INIap. Small crown 8vo, 2J. 6 d. 

IJ\ 1 LL, George . — The Natural History of Thought in its 
Practical Aspect/ from its Origin in Infancy. Demy 

8 VO, I2S. 6d. * 

li AJ.LACEf Alfred Russel . — On Miracles and Modem Spirit- 
ualism. Second Edition. Crovm 8vo, 5^. 

WAJlTt'OLEy CJias. George,— A. Short History of Ireland from the 
Earliest Times to the Union with Great Britain. 
With 5 ^laps and Appendices. Third Editiofi. Crown 8vo, 6r, 

IVALTERS, J. Cuming . — In Tennyson Land. Being a Brief 
Account of the Home and Early Surroundings of the Poet- 
Laurcatc. With Illustrations. Demy 8vo, $s. 

WARTER.J. JF.— An Old Shropshire Oak. 2 vols. DemySvo, 
2Sj. 

UAT'SOjV, R. < 7 .— Spanish and Portuguese South America 
during the Colonial Period. 2 vols. Post Svo, 21s, 

IJEDGIVOOD, //’.—A Dictionary of^ English Etymology. 
Fourth Edition, Revised and Enlarged, With Intioduction 01: 
the Origin of Language. 8vo, £i is. 

^Contested Etymologies in the Dictionary of the Rev, 
W, W. Skeat, Crown Svo, $5. 

JJ'EDGW 003 , y«//fl:.-%rhe Moral Ideal. An Histoiic Study. 
Sccond*Edition. Demy Svo, 9J. 

ll’ElSBACTIj Julius . — Theoretical Mechanics. A,. Manual of the 
Mechanics of Eligincering. Designed as a Text-book for Technical 
Schools, and .^or tlie Use of Engineers, Translated from tlie 
German by Ecu LEY B. Coxe. \ViLh ,Q02 Woodcuts. Demy 
Svo, 3IJ. ()d. • 

IVESTROPP, Plodder JI/.— Primitive Symbolism as Illustrated 
in Phallic Worship ; or. The Reproductive Principle, With 
an Introduction by Major-Gcn. Foulong. Demy Svo, parch- 
ment, 7 j. (id. 

WPPEELDOPP, J. P. — Angling Resorts vear London. Tlie 
Thames and the Lea. Crown Svo, pai>er, is. 6 d. 
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WUIBLEY, Chas. — In Cap and Gown ; Three Centiuics of Cam- 
'* bridge Wit. Crown 8vo, *js, GJ, 

WlIITMAy^ Imperial Germany. A Critical Study of Fact 

and Cliaracter. Crown Svo, yj. Gd, 

WIGSTON^ IK F, C, — Hermes Stella ; or, Notes and Jottings on 
the iJacon Cipher. Svo, Gs. 

Wilbet’force, Bishop, of Oxford and Wmclicstcr^ L.ifc»* By hi^j 
Son Rkginald WTlberfokce. Crown Svo, 6 s, ^ 

W'lLDRIDGE^ T. Tyndall. — The Dance of Death, in Painting 
and in Print. With Woodcuhs. 4to, 3^-. 6 d ; the Woodcuts 
coloured by haiul, 5.r. « 

J: OLTMANK, hr, Alfred, and IVOERMANN, Dr, AV/.— History 
of Painting. Witli numeious I Ihisl rations. iMediuin Svo. 

Vol. I. I’niuting in^Aiiliquity and the Middle Ages. 2 Sj. ; 
be^ filed boards, gilt leaxe^', 30J. Vol. 11 . The raiiUiiig^i^'f the 
Renascence. j\.2s, ; bevelled boards, gilt leaves, 45J. 

h OOD, M, IK— Dictionary of Volapuk. Volnpuk-Knglish and 
English-Volapuh. Volapukalidcl e cif. Crown Svo, lOs. Gd, 

Vi'ORl'IlY, Practical Heraldry; or, An F|)itome of 

English Aniiory. 124 Illustrations. Crown Svo, yj, Gd, 

I! RIGHT, Thomas,— Homes of Ollier Days. A History 
of Donustic Manners and Sentiments during the Middle Ages. 
With Illustrations from the Illuminarunis in Conlemporaiy Manu- 
sciipts and other Soiiut;. Diavvn and Engraved by F. W. 
Faikiiolt, F.S.A. 350 Woodcuts. Medium Svo, 21s, 

Anglo-Saxon and •Old English Vocabularies. Second 
Edition. Edited by Richard Paul Wulcker, 2 vols. Demy 
Svo, 2 Sj. 

The Celt, the Roman, and the Saxon. A Jli.storyof the 
Early Inhabitants of Britain down to the Conversion of the Anglo- 
Saxons to C'hristianity. illustrated by the Ancient Remains 
brought to light by Recent Rescarch.j^ Corrected* and Enlarged 
Edition. With neaily 300 Engravings. Crown ®vo, % 

YELVERTON^ Chrisfopker,—Oneivos\ or, Some Questions of the 
Day. Crown Svo, 5;-. • 


THEOLOGY AND PHILOSOPHY. 

ALEXANDER, IVtlliam, D,D., Bishop of Derry , — The Great Ques^ 
tlon, and other Sermons. Crown Svo, Oj. ^ 

AMBERLEY, ViscomU—Ntx Analysis of Religious Belief. 
2 vols. Demy Svo, 3 oj*, 
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Antigua Mater : A Study of Christian Origins. Crown Svo, 
7 j. (id, ^ 

PELANY, Rev, A\— The Bible and the Papaq^y. Crown Svo, 2.r. 

BENTffAJlf, Jeremy , — Theory of Legislation. Translated from 
the French of Etienne Dumont by R. IIiLDREni. Fifth Edition. 
Tost Svo, 7 j. (id, • 

BESTi h'h'rf^e Payne, — Morali+y and Utility. A Naturaf Science 
^of E^Jiics. Crown Svo, ^s, 

BROOKE^ Rev. Siopford A , — The Fight of Faith. Sermons ])rcached 
on various occasions. Fifth Edition. Crown Svo, (ill. 

The Spirit of the Christian Life. Third. Edition. Crown 
Svo, sj. 

Theology in the English Poets. Cowper, Coleridge, Words- 

^ worth, and Burns. Sixth EditionJ Tost 8\ 0,54. 

Christ in Modern Life. Seventeenth Edition. Crown Svo, 5s, 

Sermons. First Scries. Thirteenth Edition. • ('lown Svo, 5J. 

Sermons. Second Series, Sixth Edition. Crown Svo, $s. 

BROWN, Rev. J, Ba/dvim.---rhe Higher Life. Its Reality, Ex- 
perience, and Destiny. Seventh Edition, Crown Svo, 5 j. 

Doctrine of Annihilation in the Lifeht of the Gospel of 
Love. Five Discourses. Fourth Edition. Crown Svo, 2s. 6d, 

The Christian Policy of Life. A Book for Young Men of 
Business. Third Edition. Crown Svo, y, Od, 

BUNSEN, Ernest de , — Islam ; or. True Christianity. Crown Svo, 5s, 

Catholic Dictionary. Containing some Account of the Doctrine, 
Discipline, Rites, Ceremonies, Councils, and Religious Orders of 
the Catholic Church. Edited by TiiOtMAS Arnold, M. A. Third 
Edition. Demy Svo, 21s. 

CIIEYNE, The Prophecies of Isaiah. Translated with 

CriticaJ Notes an% Dissertations. 2 vols. Fifth Edition. Demy 
Svo, 25J. 

Job and Solomon ; or, The Wisdom of the Old Testament. 
Demy Svo, 12J. (id. 

The Psalms;* or. Book of The Praises of Israel. Translated 
with Commentary. Demy Svo. i6j. *' ^ 

CLARKE, James Freeman. — Ten 'Great R^eligions. An Essay in 
Comparative Theology. Demy Svo, lOr. (id. 

Ten Great Religions. Part II. A Comparison of all Religions. 
Demy Svo, lOJ. (id, 

COKE, Greeds of the Day ; orj^ Collated Opinions of 

Reputable Thinkers. 2 vols. Demy Svo, 2ij. 
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COMTE, Au^ste . — The Catechism of Positive Religion, Trans- 
^ lated from the French by Richard Congrkve. Second Edition. 
Crown 8vo, 6^/. ^ 

The Eight Circulars of Auguste Comte, Translated from 
the French. Fcap. 8vo, is, 6f/., 

Appeal to Conservatives, Crown 8vo, 2s, 6d, 

Tho Positive Philosophy of Auguste Comte. Tkftnslated 
and condensed by Harriet Martineau. 2 vpls. Secona 
Edition. 8vo, 2$s, * 

CONJVAY, Moncure D . — The Sacred Anthology. A Book of 
Ethnical Scriptures. Edited by Mo»cure D. Conway. New 
F'dition. Crown 8vo, 5r. 

Idols and Ideals. With an Essay on Christianity. Crown 
8vo, 4s, « 

COX, Rev, Samttcl, Z>. A— A Commentary on the Book of Job. 
With a Translation. Sectmd Edition. Demy 8vo, 15^. 

Salvator Mundi ; or, Is Christ the Saviour of all Men ? Twelfth 
Edition. Crown 8\o, 2s, 6d. 

The Larger Hope, A Sequel to ** Salvator Mundi.” Second 
Edition. i6mo, is. 

The Genesis of Evil, and other Sermons, mainly expository, 
Third Edition. Crown Svo, 6j*. 

Balaam. An Exposition and a Study, Crown Svo, 5r, 
Miracles. An Argument and a Challenge. Crown Svo, 2s, 6d, 

CRANBROOK, James, — Credibilia ; or, Discourses on Questions of 
Christian Faith. I’ost Svo, 3r, 6</. 

The Founders of Christianity; or, Discourses upon Ute 
Origin of the Christian Religion, Post Svo, 6j. 

DAWSON, Geo,, Af.^.—Prayers, with a Discourse on Prayer. 
Edited by his Wife. First Series. Tentn Edition. $ Small Crown 
Svo, y, 6d, 

Prayers, With a Discourse on Prayer,. Edited by George 
St. Clair, F.G.S, Second .Series, Small Crown Svo, y, 6d, 

Sermons on Disjjuted Points and Special Occasions. 
Edited by his Wife. Fourth Edition. Crown Svo, 3J. 6d, 

Sermons on Daily Life and Duty. Edited by his Wife. 
Fifth Edition. Small crown Svo, 3^. 6d, 

The Authentic Gospel, and other Sermons. Edited by 
George St. Clair, F.G..'i Third Edition. Cr^wn Svo, 6s, 

Every-day CouUiSels. Editcnl by George St. Clair, F.G.S. 
Crown Svo, 6s, 
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J)ELE 2 UERRE<t Octave, — L’Enfer ; Essai Philosophique et Historique 
sur les Legendcs dc Ja Vie Future. Only 250 copies printed. 
Crown 8vo, Gs. ^ 

Doubler’s Doubt about Science and Religion. Crown 8 vo, 
3^. Gd, 

J'lCI/TE^ Johann Characteristics of the Present Ago. 

^.^iranslated by William Smith. Post 8vo, 6j. , 

Memoir of Johann Gottlieb Fichte. By William Smith. 

• Second Edition. Post 8vo, 4J. 

On the Nature of the Scholar, and its Manifestations. 
Translated by William Smith. Second Edition. Post 8vo, 3J. 

New Exposition of the Science of Knowledge, Trans- 
lated by A. E. Kroeger.. Svo, 6j*. 

J- ITA-GERALD^ Mrs, P. E.—A Protest against Agnosticism : 
• Introduction to a New Theory of Idealism, Demy Svo, 

An Essay on the Philosophy of Self-Consciousness. 
Comprising an Analysis of Reason and the Rationale of Love. 
Demy Svo, ^s. 

A Treatise on the Principle of Sufllcient Reason. A 
Psychological Theory of Reasoning, showing the Relativity of 
Thought to the Thinker, of Recognition to Cognition, the Identity 
of Presentation and Representation, of Perception and Appercep- 
tion, Demy Svo, 6j. 

GALL WE y, Rev, P, — Apostolic Succession. A Handbook. Demy 
Svo, IS, ^ 

COUGH, Edimrd,— 1:110 Bible True from the Beginning. A 
Commentary on all those Portions of Scripture that are most 
Questioned and Assailed. Vols. I,, II., and III. Demy Svo, 
% i6j. each. * 

GREG, W, A*.— Literary and Social Judgments. Fourth Edition. 
2 v6ls. Crowi^Svo, I5f. 

The cVeed of Christendom. Eighth Edition, 2 vols. Post 
Svo, 15J. , 

Enigmas of ^ife. Seventeenth Edition. Post Svo, lor. Gd, 
Political Prbblems for our Age and Country. Demy Svo, 
loj. Gd. ‘ ^ 

Miscellaneous Essays, 2 Series. ^Crown Svo, ^s, Gd, each. 

CRIMLE Y, Rerr, 11 , N,, Tremadoc Sermons, chiefly on 

the Spiritual Body, the Unseen World, and the 
Divine Humanity. Fourth Edition. Crown Svo, Gs, 

The Temple of Humanity, and other Sermons. Crown Svo, 

6jr. 
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GURNEY^ Al/rc(f,’— 0 \iT Catholic Inheritance in the Larger 
Hope. Crown 8vo, u. 6d, 

IT/iYNES^ r. A’.— Christianity and Islam in Spain, A.D. 756 - 

1031 . Crop'll Svo, 2s. 6d. 

IlAlVEISf Rc7>. II, R., M.A , — Current Coin. Materialism — The 
1 )t‘vil — Crime — JJ)runkonness — l:\aiiperisin — Kmotion — Kecrealion 
— The Sabbath. Kifth Kditkm. Crown Svo, 5J. 

Ari^ows in the Air. Fifth lulitioii. Cri)wn S\o, 5^. 

Speech in Season. Sixth Edition. Crown Svo, 5 ''? 

Thoughts for the Times. Fourteenth Eiiitioii. Crown S\'o, 5r. 

Unsectarian Family Prayers. JS'lwv Edition, J'cap. Svo, 
is. 6d. <• 

IJUGIJER^ Rev. J A J.— Principles of Natural and Super- 

natural Morals. 'NJol. I. Xatiual Morals. l)cmy 8\o, 12s. 

JOSEPlIy N. .V.— Religion, Natural and Revealed. A Seftes of 
l*rogressive Lessons for Jewish Vouih. Crown Svo, 3^. 

KEMPlSy Thomas •>.— Of the Imitation of Christ. Parchment 
Libraiy Edition. — I’archment or cloth, 6s. ; vellum, 7.9. 6d. Tlie 
Red Line Edition, fcap. Svo, cloth extra, 2s. 6d. The Cfibinet 
Edition, small 8\o, cloth limp, u. ; cloth boaids, is. 6d. The 
Miniature Etlition, cloth limp, 321110, 1.9. ; or with red lines, is. 6tL 
Of the Imitation of Christ. A Metrical Version. By Henry 
CARR iNtrj'ON. Crown 8vo, 59. ' 

Notes of a Visit to the Scenes in which his Life was 
spent. Witli numerous Illustrations. By V. R. Cuujse, M.D. 
Demy Svo, 12,9. , 

Keys of the Creeds (The). Third Revised Edition, Crown Svo, 

2S. 6d. 

REJVESj //tw;y.--Pi8ohlems of Life and Mind. Demy Svo. 
First Series : The Foundations of a Creed. 2 vols. SSf. 
Second Series ; The Physical Basis of Mind. With Illustrations. 
16s. Third Series. 2 vols. 22r. 6d. # * 

LEWISy Harry i*.— Targum on Isaiah i.-v. With* Commentary. 
Demy 8i;o, gj. 

MANNJNGy Towards Evening. * Selections from his 

Writings. Third Edition. x6mo, 25. * 

MARTINEAUy 7 fltwtfj.i-Essays, Philosophical and Theolo- 
gical. 2 vols. Crown Svo, £\ 4s. 

MEADy C, M.y 2 ?./?.-~Supernatural Revelation. An Essay con- 
cerning the Basis of the Christian Faith. Royal Svo, 149. 

Meditations on Death and Eternity. Translated from the 
German by Frederica Rowan, Published by» Her Majesty's 
gracious permUsmn. Crown Svo, 6 s. 
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Meditations on Life and its Heligious Duties. Translated 
from the German hy Frederica Rowan. Published by Her 
Majesty^s gracious permission. Being the Companion Vokline 
to “ Meditations on Death and Eternity.” « Crown Svo, 6j. 

NE FILL, /'.—Retrogression or Development. CroAvn 8vo, 3^. Od. 

NICJIOLS, y, Broadkurst, ami DYMOND, Charles Prac- 

^^tical Value of Christianity. Two Prize Essayij. Crown 
^vo, 3 j. 6</. 

PARJ^ER^ ^Theodore, — Discourse on Matters pertaining to 
Religion. People’s Edition. Crown Svo, is, 6d . ; cloth, 2s. 

The Collected Works of Theodore Parker, Minister of the 
Twenty-eighth Congregational Society at Bdfeton, U.S. In 14 
vols. Svo, 6.r. each. 

Yol. I. Discourse on Matters pertaining to Religion. II. Ten Ser- 
* mons and I’rayers. TTI. Discourses on I'heology. IV. Dis- 
courses on Politics. V. and VI. Discourses on Slavery. VII. 
Discourses on Social Science. VIIT. Misojllaneous Discourses. 
IX. and X. Critical Writings. XI. Sermons on Theism, 

Atheism, and Popular Theology. XII. Autobiographical and 
Miscellaneous Pieces. XI II. Historic Americans. XIV. 
Lessons from the World of hlattcr and the World of Man. 

, 4 ‘ 

Plea for Truth in Religion. Crown Svo, 2s, 6d 

Psalms of the West. Small crown Svo, 5J. 

Pulpit Commentary, The. (Old Testameui Scries,) Edited by the 
Rev. J. S. Exell, M.A., and thr Very Rev. llean H. 1 ). M. 
Spence, M.A., D.D. 

Genesis. By the Rev. T. WititelAw, D.D. With Homilies by 
the Very Rev. J. F. Montgomery, D.D., Rev. Prof. R. A. 
RedI'OKD, M.A., LL.B., Rev. F. HASTiNCiS, Rev. W. 
Roberts, M.A. An Introduction to the Study of the Old 
Tesfament by t^e Venerable Archdeacon Farrar, D.D., F.R.S. ; 
and Ritroduclions to the Pentateuch by the Right Rev. H. Co'r- 
TERTLL, D.D., and Rev. T. Whitelaw, D.D. Ninth Edition. 
T vol., 15J. * 

Kxodus. By*the Rev, Canon Rawlinson. With Homilies by the 
Rev. J. Orr, D.D., Rev. D. YouNG^ B.A., Rev, C. A. (JooD- 
HART, Rev. J. Urquhart, and the Rev. IL T. Robjohns. 
Fourth Edition. 2 vols., 9J. each. , 

Leviticus. By the Rev. Prebendary Meyrick, M.A. With 
Introductions by the Rev. R. Collins, Rev. Professor A. Cave, 
and Homilies by the Rev. Prof. Redford, LL.B., Rev. J. A. 
MACDfjNALD, Rev. W. Ci ARKsoN, B.A., Rcv, S. R. Aldridge, 
LL.B., and Rev. McCmeyne Edgar, ** Fourth Edition. i5j'. 
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Pulpit Commentary, The—ccnHmted, 

» Numbers. By the Uev. R. Winterbotham, LL.B. With 
Homilies by^he Rev. Professor W. BiNNiE, D.D., Rev. E. S. 
Prolit, M.A., Rev. D. Young, B.A., Rev. J. Waite, B.A.,and 
an Introduction by the Rev^ Thomas Whitelaw, D.D. 
Fifth Pldition. 15J. 

Deuteronomy. By the Rev. W. L. Alexander, B.JU With 
Itomilies by the Rev. C. Clemance, D.D., Rev. J. OliR, D.D., 
Rev. R. M. Edgar, M.A., Rev. D, Davies, !M#A. »Fourtb 
edition. 151. 

Joshua. By the Rev. J. J. Lias, M.A. With Homilies by the 
Rev. S. R. Aldridge, LL.B., Re^*. R. Glover, Rev. E, de 
pRRSSENSrt, D.D., Rev. J. Waite, J5.A., Rev. W. F. Adeney, 
M.A. ; and an Introduction l)y the Rev. A, Plummer, D.D. 
Fifth Edition. 1 2 s . 6( f .^ 

Judges and Ruth. By the Bishop of Bath and Well?J and 
Rev. j! Morison, D. 1). With J lomilies by the Rev. A. F. Muir, 
M.A., Rev. W. F. Adeney, M.A., Rev. W, M. Statham, and 
Rev. Professor J, Thomson, jVI. A. Fifth Edition, lor. 6 it , 

1 and 2 Samuel. By the Very Rev. R. P. Smith, D.D. With 
Homilies by the Rev. Donai.d Eraser, D.D., Rev. Prof. 
Chapman, Rev. B. Dale, and Rev. G. Wood, B.A. Seventh 
Edition. 15J. cath. 

1 Kings. By the Rev. Joseph Hammond, Ui.B. With Homilies 

l)y the Rev. E. de pRKssENsf:, D.D., Rev. J. Waite, B.A., 
Rev. A. Rowland, LL.B., Rev. J. A. Macdonald, and Rev. 
J. Urouhart. Fiftl^Edition. 15^, 

2 Kings. By the Rev. Canon Kawlinson. Witli Homilies by 
the Rev. J. Ork, D.D., Rev, D. Thomas, D.D., and Rev, 
C. H. Irwin, M.A. 15^. 

1 Chronicles. By the Rev. Prof. P. C’. Barker, M.A., LLrr>. 
With Homilies by the Rev. Prof. J. R. Thomson, M.A., Rev. R. 
Tuck, B.A., Rev, W. Clarkson, B.Ajt Rev. F, IVhiteield, 
M.A., and Rev. Richard Glover. 15^. • 

Ezra, Nel^emiah, and Esther- By the Rev. Canon G. 
Rawlinson, M.A. With Homilies by tfle Rev. Prof. J. R. 
Thomson, M.A., Rev. Prof. R. A. I^edyord, LL.B., M.A., 
Rev. W. S. Le^is, M.A., Rev. J. A. Macdonald, Rev. A. 
INIackei^al, B.A., Rev. W. Clarkson, B.A., Rev. F. Hastings, 
Rev. W. Dinwiddie, LL.B., Rev. Prof. Rowlands, B.A., Rev. 
G, Wood, B.A., Rfev. Prof. P. C. Barker, M.A., LL.B., and 
the Rev. J. S. Exell, M.A. Seventh Edition, i vol., 12s. 6</. 
Isaiah. By the Rev. Canon G. Rawlinson, M.A. With Homilies 
by the Rev. Prof. E. Johnson, M.A., Rev. W. Clarkson, 
B.A., Rev. W. M» Statham, and Rev. R. Tuck, B.A. Second 
Edition. 2 vols., iSj. each. 
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Pulpit Commentary, i:\iQ-~-contimied. 

Jeremiah. (Vol. I.) liy the Rev. Canou T. K. Chk^m., 
D.D. With Homilies by the Rev. W. F.‘Adenf,y, M.A., Rc\. 

A. F. Muir, M.A., Rev. S. Conway, B.A., Rev. J. Waite, 

B. A., and Rev. I). Youe^o, B.A. Third Edition, i^s, 

Jeremiah (Vol. II.) and Lamentations. By the Rev. Canon 
ST. K. CUEYNE, D.D. With Homilies by the Rev. Frof. J. R. 

Thomson, M.A., Rev. W. F. Adeney, M.A., Rev. A. F. Muiu» 
•' M.A., Rev. S. Conway, B.A., Rev. D. Younu, B.A. 15J. 

Hosea and Joel. By the Rev. Prof, J. J. Given, Ph.D., D.D. 
With Homilies by, the Rev. Prof. J. R. Thomson, M.A., Rev. 

A. Rowland, B.A., LL.B., Rev. C. Jerdan, M.A., LL.B., 
Rev. J. Okr, D.D., and Rev. D. Thomas, D.D. 15^. 

Pulpit Commentary, The. {Aiu 'I'csIameiH Series, 

*St. Mark. By the Very Rev. E. Bu kersitctii, D.D., Dean of 
Lichfield. With Homilies by the Rev. Prof. Thomson, M.A., 
Rev. Prof. J. J. Given, Ph.]X, D.D., Rev. Prof. Johnson, M.A., 
Rev. A. Rowland, B.A., LL.B., Rev. A. Muir, and Rev. R. 
G REEN. Fifth Edition. 2 vols., loy. (id, each. 

St. Luke. By the Very Rev. H, D. M. SrKNCE. With Homilies 
by the Rev. J. Marshall Lang, D.J)., Rev. W. Clarkson, 

B. A., and Rev. R. M. Edgar, M.A. 2 vols., ioj. (id, each. 

St. John. By the Rev. Prof, H. R. Reynolds, D.D. With 
Homilies by the Rev. Prof. T. Croskeky, D.D., Rev. I'rof. J. R. 
Thomson, M.A., Rev. D. Young, B.A., Rev. B. TiioxMAS, 
Rev. G. Brown. Second EditioHi. 2 vols., 15J. each. 

The Acts of the Apostles. By the Bishop of Bath and Wells. 
With PTomilies by the Rev. I'rof. P. C. Barker, M.A., LL.B., 
Rev. Prof. E. Johnson, M.A., Rev. Prof. R. A. Redford, 
LT..B., Rev. R. Tuck, B.A,, Rev. W. Clarkson, B.A. Fourth 
Edition. 2 vols., lor. (id, each. 

1 Coriijthians.^ By the Ven. Archdeacon Farrar, D.D. With 

liomilies by the Rev. Ex-Chancellor LirscoMR, LL.D., Rev. 
David Thomas, D.D., Rev. D. Fraser, ,D.D., Rev. Prof. 
J. R. TiiOjtftsON, M.A., Rev. J. AVaite, B.A., Rev. R. Tuck, 
P..A., Rev.d 5 . Hurndall, M.’A., and Rev. H. Bremner, B.D. 
Fourth Edition. 15.V. , 

2 Corinthians and Galatians. By the Ven. Archdeacon 
Farrar, D.D., and Rev. Prebendary E. Huxtable. With 
Homilies by the Rev. Ex-Chancellor LiPSCOMB, LL.D., Rev. 
David Thomas, D.D., Rev. Donald Fraser, D.D., Rev. R. 
Tuck, B.A., Rev. K. Hurndall, M.A., Rev. Prof. J. K. 
Thomson, M.A., Rev. R. Finlayson, B.A., Rev. W. F. Adeney, 
M.A., Rev. R. M. Edgar, M.A., and'Rev. T. Ckoskery, D.D. 
Second Edition. 2ij, 
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Pulpit Commentary, "XYi^^ontimicd, 

Ephesians, Philippians, and Colossians. liy ihi! Rev. riof. 

* W. C. IILAIKIK, D.D., Rev. R. C. Cakkin, M.A., and Rev. (i. 
Ct. Findlay, R.A. With Homilies by the Rev. D. Thomas, 
D.D., Rev. K. M, Edgar, M.A., Rev. R. Finlayson, B. A., Rev. 
W. F. Adeney, M.A., Rev. tProf. T. Croskrry, D.D., Rev. 
1C. S. Trout, M.A., Rev. Canon • Vernon IIut'J'ON, and 
,Kev. U. R. Thomas, D.D. Second Edition. 2Js. ^ 

Tliessalonians, Timothy, Titus, and Philemon. IJy the 
Bishop of Bath and Wells, Rev. Dr. GLOAf;,*and Rev. Di. 
Kales. With Homilies by the Rev. 1>. C. Caefin, M. A., Rev. K. 
I’lNLAYSON, B.A., Rev. Prof. T. Croskery, D.D., Rev. W. 1'. 
Ani’.NEY. M.A., Rev. W. M. StatiIam, and Rev. D. Thomas, 
D.D. 15 ^. 

Hebrews and James. By the Rev. J. Barm by, D.U., and Rev. 
Prebendary E. C. S.^Ghlson, IM.A. With Homiletics by the 
Rev. C. Jerdan, M.A., LL.B., and Rev. Prebendary C. S. 
Gibson. And lloinilies by the Rev. W. Jones, Rev. C. Niav, 
Rev. D. Yt^UNO, B.A., Rev. J. S. Bright, Rev. T.P\ I^ockypr, 
B,A., and Rev. C. Jkrdan, M.A., LL.B. Second Ivdition. 15.?. 

Peter, John, and Jude. By the Rev. B. C. Caffin, M.A., 
Rev. A. Plummer, D.D., and Rev. S. D. F. Salmond, D.D. 
With llomilie^ by the Rev. A. MAt:LAREN, D.D., Rev. C, 
Clemance, D.D., Rev. Prof. J. R. Thomson, M.A., Rev. C. 
New, Rev. U. R. Thomas, Rev. R. Ftnlayson, B.A., Rev. 
W. Jones, Rev. Prof. T. Croskery, D.D., and Rev. J. S. 
Bright, D.D. 15J. 

Revelation. Inlrofluction by the Rev. T. Randell, B.D., 
Principal of Bede College, Durham ; and Exposition by the Rev. 
T. Randell, assisted by the Rev. A. Plummer, M.A., D.D., 
Principal of University College, Durham, and A. T. Bott, M.A. 
With Homilies by fhe Rev. C. Clemance, D.D., Rev. S. Co.’SJVAY, 
B.A., Rev. R. Green, and Rev. D. Thomas, D.D. 

PUSEVy —Sermons for the Chij^ch’s Sciasons from 
Advent to Trinity. Selected from the Piijlislicd Sermons 
of the late Edward Bouverie Pusey, D.D. Crown 8 vo, 5 ^. 

RENAN^ —Philosophical Dialogues and Fragments. 

From the h'rench. Post 8vo, 7f. » 

An Essay on the Age and Antiquity of the Book of 
NTabftthaean Agriculture, Crown 8vo, 3 j‘. 6^/. 

The Life of Jesus. Crown 8vo, cloth, u. (id , ; paper covers, ij. 
The Apostles. Crown 8vo, cloth, is, 6d . ; paper covens, is, 

REYNOLDSy Rev. J. IT,— The Supernatural in Nature. A 
Verification b]f Free Use of Science, ThirciP Edition, Revised 
and Enlarged. Demy 8vo, 14?. 
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y 

RE YNOLDS^ Rev, J, W, — cmitnued. 

The Mystery of Miracles. Third and Enlarged Edition, 
Crown 8vo, 6.'. ^ 

The Mystery of the Universe our Common Faith. Uemy 

8vo, 14J. 

The World to Cpme : Immortality a Physical Fact. Ciown 

8 VO, 6j. 

RJCJIA^DSON^ Austin . — “What are the Catholic Claims?” 

iWitlii Iiilroduclion by Rev. Luke Rivingto.n. Crown 8vo, 

3.f. 

RIVINGTON^ -Authority, or a Plain Reason for join- 

ing the Church* of Rome. Fifth Ediltiin. Crown Svo, 

3f. 6Z 

Dependence ] or, The Insecurity of the Anglican Position. 
Crown Svo, 5J. • 

RORERTSOA\ The late Rev, F, IK, yl/./^.—Life and Letters of. 

Edited by the Rev. STorroRD Rrookl, AI.4. 

I. Two vols., uniform with the Sermons. With Steel Portrait. 
Crown Svo, ys. 6</. 

IT. Library Ediiion, in Demy Svo, with Portrait. 12J, 

HI. A Popular P'dil'oii, in i vol, Ciown Svo, 6s, 

Sermons. Five Series. Small crown Svd, 3.r. 6 d. each. 

Notes on Genesis. New and Cheaper Edition. Small crown Svo, 
3J. 6 d, 

Expository Lectures on St. Paul’s Epistles to the 
Corinthians. A New Edition. Jimall crown Svo, 5J. 
Lectures and Addresses, with other Literary Remains. A New 
Edition. Small crown Svo, 5^. 

An Analysis of Tennyson’s “ In ]}^emoriam.” (Dedicated 
• by Permission to the Poet-Laureate.) Fcap, Svo, 2 s, 

The Education of the Human Race. Translated from the 
Gerindn of Gotwoi.d Epiiraim Lessing. Fcaj). Svo, 2 s. 6d, 

A PoArait of the late Rev. F. W. Robertson, mounted for 
framing, can be had, 2s. 6d. , 

SCANNELL, Thomas A, B.D,, ami WILHELM, Joseph, D.D.—A 
Manual of® Catholic Theology. Rased on Scueeiien’s 
“D ogmatik.” 2 vols. Demy Svo. Vol. I., 15.^. 

SHEEPSHANKS, Rev. y.— Confirmation and UnWon of the 
Sick. Small crown Svo, 3^. 6d. ‘ 

STEPHEN, Carolitie Z’.—Quaker Strongholds. Crown Svo, 5^. 

Theology and Piety alike Free ; from the Point of View of 
Manchester New College, Oxford. A Contribution to 
its effort offered by an old Student. Denly Svo, qj. 
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TRENCH, Arch}mhop.—^QX'e& on the Parables of Our Lord. 
8vo, I2J. Cheap Edition. Fifty-sixth Thousand. 7 j. (id. 

Notes on thg Miracles of Our Lord. 8vo, I2.v. Cheap 
Edition. Forty-eighth Thousand. 7j. (id. 

Studies in the Gospels. Fifth Edition, Revised. Svo, io.r. (id. 

Brief Thoughts and Meditations on Some Passages in 
SLoly Scripture. Thiifl Edition. Crown Svo, 3J. CS 

Synonyms of the New Testament. Tenth lEditi^n, En- 
larged. Svo, 12.1. 

Sermons New and Old. Crown Svo, 6.r. 

Westminster and other Sermons. Crown Svo, 6 s, 

On the Authorized Version of the New Testament. 

Second Edition. Svo, ^s. 

Commentary on the Epistles to the Seven Chur cites in 
Asia. Fourth Edition, Revised. Svo, 6 d, 

The Sermon on the Mount. An hlxposition dir'vn from the 
Writings of St. Augustine, with an Essay on his Ni.*its as an 
Interpreter of Holy Scripture. Fourth Edition, Enlarged. Svo, 
lOJ, (id. 

Shipwrecks of iFailh. Three Sermons preached before the 
University of Cambridge in May, 1S67. Fcaj'. Svo, 2 s, 6 d, 

TRINDEE^ Ecv. Z).— The Worship of Heaven, and other 
Sermons. Crown Svo, 5J. 

WARD, Wilfrid,— 'The Wteh to Believe, A Discussion Concern- 
ing the Temper of Mind in which a »easonable Man should 
undertake Religious Inquiry. Small cunvn Svo, ^s, 

WARD, William Geor^ije, A— Essays on the Philosophy >of 

Theism. Edited, with an Introduction, by Wilfrid Ward. 
2 vols. Demy Svo, 2ij. , 

What is Truth ? A Consideration of the Dc)u])ts as to Itie hlflicacy of 
Prayer, raised by Evolutionists, Materialists, and others. By 
“Ncmo.’l ^ 

WILHELM, Joseph, D.D., and SCANNELL, Uomas B,, B.D.-K 
Manual of Ci^tholic Theology. Based on Sciieeijen’s 
“D ogin.|tik.” 2 vols. Demy Svo. \’t>l. T., 15J. 

WYNELDMA YO W, S, ^'..-The Light of Reason. Ciown Svo, 5r. 
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ENGLISH AND t^OREIGN PHILOSOPHICAL LIBPARy. 

Auguste Comte and Positivism. By the* late John Stuak r 
Mili.. Third Edition. 3jr. (id. 

Candid Examination of I'heism (A). By Piivsicu.s. Second 
Edition* *js, 61/. 

Colour^ense (The): Its Origin and Developnjent. An* Essay 111 
t Con^mrative Psychology, By Grant Allen, ioj. 6 t/. 

Contributions to the History of the Development of th(i 
Human Race. Lectures and Dissertations. By Lazar i s 
Geiger. Translated from the German by D. Asher. 6j-. 

Creed of Christendom (The). Its P'oundations contrasted with 
its Superstructure. By W- R. Greg. Eighth Edition. 2 vols. 
^ iS^. 

Dr. Appleton: His Life and Lilerary Relics. By J. H. Appleton 
and A. H. Sayce. lOf. (id, 

% 

Edgar Quinet : His Early Life and Writings. By Richard Heath. 
With Portraits, Illustrations, and an Autograph Letter. 12 s, 6d, 

Emerson at Home and Abroad. By M. D, Conway. With 
Portrait. lOr. 6d, 

Enigmas of Life. By W. R. Greg. Seventeenth Edition, loir. 6d, 

Essays and Dialogues of Giacomo Leopardi. Translated by 
CHARLE.S Edwardes. With Biographical Sketch. Js, 6d. 

Essence of Christianity '(The), By L. Feuerhach. Translated 
from the German by Marian Ev^Ins. Second Edition, yj. 6d, 

Ethic Demonstrated in Geometrical Order and Divided 
into Five Parts, which treat (i) Of God, (2) Of the Nature 
and Origin of the Mind, (3) Of iRc Origin and Nature of the 
Affects, (4) Of Human Bondage, or of the Strength of the Affects, 
(5) fif the Power of the Intellect, or of Human Liberty, By 
Benedict de^pinoza. Translated from the Latin by William 
Hale White, ioj. 6d, 

Guide of the Perplexed of Maimonides (The). Translated 
from the Original Text and Annotated by M. Friedlandek. 
3 vols. 31 A 6d. 

History of Materialism (A), and Criticism of its present Impor- 
tance. By Prof. F. A. Lange. Authorized* Translation from 
the German by Ernest C. Tiiomasi In 3 vols. 10 s, 6d. each. 

Johann Gottlieb Fichte’s Popular Works, The Nature of 
the Scholar ; The Vocation of the Scholar ; The Vocation of 
Man The Doctrine of Religion; Characteristics of the Present 
Age ; Outlines of the Doctrine of Knowledge. With a Memoir 
by William Smith, LL.D. 2 vols. 21J. 
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Moral Order and Progress. Au Analysis of Ethical Conceptions. 

^ By S. Alexander. 14.?. 

Natural Law, Essay in lOlhics. lly Edith SlMCOX. Second 
Edition, ioj. 6 tt, 

Outlines of the History of Rejigion to tho Spread of the 
Universal Religions. By rrof..C. V. Tiki.e. Translated 
. from the Dutch by J. Estlin CARrENTElt. Eourtli Edition. 
7s. 6t/. 

Philosophy of Law (The). By Prof. Diodato LnfV’. Tfranslated 
by W. IIastie. 

Philosophy of Music (The). Lectures delivered at the Royal Insli- 
tution of Great Britain. By Will i AM POLE, E.R.S. Second 
Edition, ys, 6 d, 

Philosophy of the Unconscious (The). By Eduard Von 
Hartmann, Transfated by Willfam C. Coui'LAND.^3 vols. 
3H. Cf/. 

Religion and Philosophy in Germany. A Eragmenl. By 
Heinrich Heine. Translated by J. Snodgrass. 6s, 

Religion in China. Containing a brief Account of the Throe 
Religions of the Chinese ; with Observations on the }*rospccts of 
Christian Conversion amongst that People. By JOSEl’H Edkins, 
D.D. Third Edition, ys, 6 d. 

Science of Knowledge (The). By J. G. Eutite. Translated froiiu. 
the German by A. E. Kroegkr. With an Introduction by Prof. 
W. T. Harris, ioj*. 6 d, 

Science of Rights (Th%). By J. G. Eichte. Translated from the 
German by A. E. Kriiegeu. With an Introduction by Prof, 
W. T. Harris, i2j. 6 d, 

World as Will and }dea (The). By Arthur Schopenhauer. 
Translated from the German by R, B. Haldane and •Jon n 
Kemp. 3 vols. £z ioj. 

Extra Series, 

An Account of the Polynesian Race : Its Origin and Migra- 
tions, ^nd the Ancient History of the .Hawaiian People. By 
Abraham Fornander, 3 vols. zys, ^ 

Lessing ! His Life aijd Writings. By James Sime. Second Edition, 

2 vols. With Portraits. 21J. 

Oriental Religions, and their Relation to Universal Religion— India, 
By Samuel Johnson. 2 vols, 21s, 
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BADER, C.— The Natural and Morbid Changes of the 
Human Eye, and their Treatment. Meium 8vo, i 6 j. ^ 

Plates illustrating the Jlatural and Morbid Changes of 
the Human Eye. With Explanatory Text, Medium 8vo, 
iiSa portfolio, 2\s, Price for Text and Atlas taken together, 
12.. 

BICKNELL, C.— Flowering Plants and Ferns of the Riviera 
and Neighbouring Mountains. Drawn and described 
by C. hiCKNELi.. ^ith 82 full-page Plates, containing Tllus- 
iraiions of 350 Specimens. Imperial 8vo, half^oan, gilt edges, 
.Cj 

BLATKR, Table of Quarteij-Squares of all Whole 

4 Numbers from 1 to 200 , 000 . For Simplifying Multipli- 
cation, Squaring, and Extraction of the Sciuare Root. Royal 
4to, half- bound, 2ij. , 

Table of Napier. Giving the Nine Multiples of all Numbers, 
Cloth case, i., 3^/. 

BROWNE, Edgar Hov/ to use the Ophthalmoscope, being 
Elementary Instruction in Oiihthalmos^opy, Third Edition. 
Crown 8 VO, 3.. 6</. 

BUNGE, C.— Text-Book of Physiological and Pathological 
Chemistry, For l*hysicians and Students. Translated from 
the Geiinan by L. C. Woodbridgk, M.D. Demy 8vo, 16.. 

CALLEJA, Camilo, -Principles of ^Universal Physiology. 

Crown 8 VO, 3.. 6</. 

CANDLER, C.--The Prevention of Consumption : A New 

^ Theory ol the Nature of the Tubercle-liacillus. Demy 8vo, 10.. 6^. 

The Prevention of Measles. Crown 8vo, 5.. 

CARPENTER, 1C, B.-miThe Principles of Mental Physiology. 
With their Applications to the Training and Discipline of the 
Mind, and the Study of its Morbid Conditions. Illustrated. 
Sixth Edition. 4 8vo, 12.. ‘ 

Nature and Man. With a Memorial Sketch by the Rev, j . 
Estlin Cari'ENTEK. Portrait, Large fiown 8vo, 8.. 6d. 

COTTA, B, m/.-— Geology and History. A Populrfr Exposition of 
all tliat is known of the Earth and its Inhabitants in Pre-historic 
Times. i2mo, 2s. 

DANA, James D.—h. Text- Book of Geology, designed for Schools 
and Academies. Illustrated, Crown 8vo, ioj. 

Manual of Geology. Illustrated by a Chart of the W^orld, and 
over 1000 Figures. 8vo, 2 iJ. 
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VANAy James D, — continued. 

The Geological Story Briefly Told. Illustraicd. i2mo, 

* * 15 , 6 d. 

A System of Mineralogy. By J. D. Dana, aided by G. J. 
Buusir. Fifth Edition. Royal 8vo, £2 2s, 


Manual of Mineralogy and'Petrography, Fourth Edition. 
Numerous Woodcuts. Crown 8vo, &r. 6d. 

DANAyE, S. — A Text-Book of Mineralogy. With Ireatise on 
Crystallography and Physical Mineralogy. Third^diti^n. 800 
Woodcuts and i Coloured Plate. 8vo, 15^. 


DC/ MONCET.y Count, Telephone, the Microphone, and 
the Phonograph. With 74 Ittustrations. Third Edition. 
Small crown 8vo, ^s, * 


DVMOCKy /K.— The Vegetable Materia Medica of Western 
India. 4 Parts. 8fo, 5r. each. ^ 

FEAT/fEEMANy The Social History of the Races of 
Mankin^. DemySvo. Div. I. The Nigritians, lijr. 61/. 
Div. II.-I. Papuo and Malayo Melanesian^. £\ 5.f. Div. II.- 
II. Occano-Mflancsians. £\ 5s, Div, Ill.-I. Aonoo-Maranu- 
nians. 25^. Div. III.-II. Chiapo and Guazano Maranonians. 
28.r. Div. V. The Aramaeans. £i is, 

FITlCERALDy E, i).— Australian Orchids. Folio. Part I. 

7 Plates. Part IT. 10 Plates. Part III. lo Plates. Part IV, 
10 Plates, Part V. 10 Plates. Part VI. lo Plates. Each Part,“^ 
colouied, 2IJ. ; plain, lOr, 6r/. Part VIl, 10 Plates. Vol, 11 ., 
Part I. 10 Plates. Each, coloured, 2$s. 

GALLOWAYy Robert . — A •Treatise on Fuel. Scientific and Prac- 
tical. With Illustrations. Post 8vo, Os. 


Education : Scientific and Technical ; or, How the In- 
ductive Sciences afe Taught, and How they Ought lo be Taught. 
8vo, lor. 6d, 

UAECKELy Prof. Ernst . — The History oJ^Creation. Translation 
revised by Professor E. Ray Lankkster, M.Af, F.R.S. Witli 
Coloured Plates and Genealogical Trees of the various groups 
of both Plants and Animals. 2 vols. Third Edition. Post 
8\*o, 32J. 

The History of the Evolution of Man. With numerous 
Illustrations, i vols. Post 8vo, 32 p. 

A Visit*to Ceylon. Post 8vo, *is, Od, 

Freedom in Science and Teaching. With a Prefatory Note 
by T. H. Huxley, F.R.S. Crown 8vo, 5.r. 


UEIDEMHAINy Rudolph, Jlf./).— -Hypnotism, or Animal Mag- 
netism. With Preface by G. J. Roman KS. * Second Edition* 
Small crown 8V0, 2s, 6d, 
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lIENWOODy William Joiy, — The Metalliferous Deposits of 
Cornwall and Devon. With Appendices on Subterranean 
Temperature ; the Klcctricity of Rocks and Veins ; tlie Qifaii- 
tities of Water in the Cornish Mines ; ai|(l Mining Statistics. 
With 1 13 Tables, and 12 Plates, half-bound. 8vo, 2s. 

Observations on Metalliferous Deposits, and on Sub- 
terranean Temperature, In 2 Parts. With 38 Tables, 
Engravings on Wootl, and 6 Plates. Svo, i6.r. « 

HOSPITALIKR^ The Modern Applications of Electricity. 
•Translated and Enlarged by JtfLius Maier, Ph.D, 2 vol«*. 
Second Editicm, Revised, with many aclUilions and numerr)us 
Illustrations. Demy Svo, 25^. 

UULME^ F, Mathematical Drawing* Instruments, 

and How to Use Them. With Illustrations. Third 
Edition. Imperial i6mo, 3J. bd. 

James. — Nautical Tables, ilesigned for the Use of British 
Seamen. New lOdition, Revised and Enlarged. Demy Svo, i6j. 

KINAIIAN^ C. /y.— Valleys and their Relation to Fissures, 
Fractures, and Faults, Crown Svo, *js. bd. 

KLEIN^ Lectures on the Ikosahedron, and the .Solution 

of Equations of the Fifth Degree, Translated by G, G. Morrick. 
Demy Svo, ioj*. bd, « 

JENDENFELDt A*, Monograph of the Horny Sponges. 
With 50 Plates. Issued by direction of the Royal Society. 
4 to> £ 1 - 

LESLEY^ 7 . /’.—Man’s Origin and Destiny. Sketched from the 
Platform of the Physical Sciences. Second Edition. Crown 
Svo, 7.?. bd. 

LlVERSIDGEt .4.— The Minerals of New South Wales, etc, 
• With large Coloured Map. Royal Svo, i8j. 

MIVART^ S£m George.^QvL Truth. Demy Svo, ifo. 

The Orlf^ln of Human Reason. Demy Svo, los, bd. 

NICOLS, Arthur^ FG,S„ .S'.— Chapters from.the Physical 

History of 'the Earth. An Introduction to Geology and 
Palaeontology* With numerous Illustrations, Crown Svo, 5 j. 

PYE, Surgical Handicraft. A IVfanual oLSurgical Mani- 

pulations. With 233 Illustrations on Wood. Second Edition. 
Crown Svpj los. bd. ’ 

Blementary Bandaging and Surgical Dressing. For the 
Use of Dressers and Nurses. iSmo, ar. 

JR A MSA F, E. A— Tabular List of all the Australian Bird.s at 
present known to the Author. Crown 410, J2s. bd. 
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glBOTy Prof, Th, — Heredity! A Psychological Study of its Phenomena, 
its Laws, its Causes, and its Consequences. Second Edition. 

• Iiarge crown 8vo, gs, 

English Ps^y^hology, Crown 8vo, ys. 6 //. 

Edward ZTtw/^.—The Birds.of Cornwall and the Scilly 
Islands, Edited by J. E. ITartiNcj. With Portrait and 
^ap. 8vo, I 4 .r. 

POMANES, G, y, — Mental Evolution in Animala, With a 
posthumous Essay on In^.tinct l)y Chari.es IlARWiXf E.K.S. 
Demy 8vo, J2s, 

Mental Evolution in Man : Origin of Human Faculty, 
Demy 8v«>, 14;. • 

Pass, Lieut, -Colonel W, Alphabetical Manual of Blow- 
pipe Analysis, C^own 8vo, 5^. 

Pyrology, or Fire Chemistry, Small 4to, 3df. 

SCIIWENDLEP,*Louis,---lnsXT\xcXion^ for Testing Telegraph 
Lines, and the Technical Anrangements in Offices. 2 vols. 
Demy 8 VO, 2IJ. 

SM/TJEf, Hydraulics. The Flow of Water through 

Orifices, over Weirs, and through Open Conduits and Pipes. 
With 17 Plates.* Royal 4to, 30r. 

STRECKER- WISLICENUS,-^OTQa.Tiic Chemistry. Translated and. 
Edited, with Extensive Additions, by W. R. Hougkinson, 
Ph.D,, and A. J. Greenaway, F.l.C. Second and cheaper 
Edition. Demy Sv^, I2f. 6 d. 

SYMONS, G, /.—The Eruption of Krakatoa, and Subse- 
quent Phenomena. Report of the Krakatoa Committee of 
the Royal Society# Edited by G. J. Symons, F.R.S. With 6 
Chromolithographs of the Remarkable Sunsets of 1883, a«d 40 
Maps and Diagrams. 4to, £i los, 

WANKLYN, J. Milk Analysis. A Tractical,freatise on the 
Examination of Milk and its Derivatives, Cream, Butter, and 
• Cheese* Second Edition. Crown 8vo, y. 

Tea, Coffee, and Cocoa. A Practical Treatise on the Analysis 
of Tea, Coffee, ^Cocoa, Chocolate, Mat6 (Paraguay Tea). Crown 
8vo, 

WANKLYN, y. A., and COOPER, W. JC-Bread Analysis. A 
Practical Treatise on the Examination of Flour and Bread. 
CrowTi 8vo, 5 j. 

IVANELYN, y, A„ ami CHAPMAN, E, 71 — Water Analysis. A 
Treatise on the Examination of Potable Water. ^Seventh Edition. 
Entirely rewritten. Crown 8vo, 5 j. 
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WRIGHT, G, Frederick, 2>.A— The Ice Age in North America, 
and its bearing upon the Antiquity of Man, With 
Maps and Illustrations. 8vo, 2is. *’ 


XHE INTERNATIONAL SCIENTIFIC SERIES. 

I. Forjns of Water in Clouds and Rivers, Ice and Glaciers. 

by J. Tyndall, LL.D., F.R.S. With 25 Illustrations, Ninth 
Edition. 5^. 

II. Physics and Politfcs ; or, Thijughts on the »A.pplication of the 

Principles of “Natural Selection ” and “ Inheritance ” to Political 
Society. By Walter Bagehot. Eighth Edition. 51. 

III. Foods. By Edward Smith, M.D., LL.B., r.R,S. With numerous 

Illustrations. Ninth Edition. 5J. 

IV. Mind and Body : the Theories of the,'r Relation. By 

Alexander Bain, LL.D. With l^'our Illustrations. Eighth 
Edition. 5 j. 

V. The Study of Sociology. By ^Herbert Spencer, Fourteenth 

Edition. 5 j, 

VI. The Conservation of Kncrgy. By*Balfour Stewart, M.A., 

LL.D., F,R..S, With 14 Illustrations, Seventh Edition. 5r. 

VII. Animal Locomotion ; or, W^alking, Swimming, and Flying. By 

J. B. Pettigrew, M.D., F.R.S., etc. With 130 Illustrations. 
Third Edition. 5 j. 

VIII. Responsibility in Mental Disease. By Henry Maudsley, 

M.D. Fourth Edition. $s, 

IX. The New Chemistry. By Profes^jr J. P. Cooke. With 31 
* Illustrations. Ninth Edition, ^s, 

X. The Sciepce of Law. By Professor Sheldon Amos. Sixth Edition. 

5 ^* •, 

XI. Animal Mechanism ; a Treatise on Terrestrial and Aerial Loco. 

motion. By professor E. J, Marey, With 1^7 Illustrations. 
Third Edition. 

XII. The Doctrine of Descent and Darptrinism. By Professor 

Oscar Schmidt. With 26 Illustrations, Seventh Edition, 

XIII. The History of the Conflict between Religion and 

Science. By J. W. Draper, M.D., LL.D. Twentieth Edition. 
5 ^. 

XIV. Fungi : their Nature, Influences,' and Uses. By M. C. 

Cooke, III. A., LL.D. Edited by the Rev. M. J, Berkeley, M.A., 
F.LrS, With numerous Illustraiiunb, Fourth Edition. 5^, 
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XV. The Chemistry of Light and Photography. By Dr. 

Hermann Vogel. With 100 Illustrations. Fifth Edition. 5^. 

XVI. The Life and Growth of Language. By Professor William 

Dwight Whitney. Fifth Edition. 5r. 

XVII. Money and the Mechanism of Exchange. By W. 

Stanley Jevons, M. A., F.R.S. Eighth -Edition. 5 j. 

XVIII. ' 5 he Nature of Light. With a General Account oWliysical 
Ojitics. By Dr. Eugene Lommel. With 188 Illustrations and a 
Table of Spectra in Chromo-lithography. Fifth Edftion. * 5.^. 

XIX. Animal Parasites and Messmates. By P. J. Van Benedcn. 

With S3 Illustrations. Third Editioi^ 5 j. 

XX. On Fermehtation. B^ Professor SchutzcnlDcrger. With 28 

Illustrations. Fourth Edition. 5 j, 

XXI. The Five Senses of «Man. By Professor Bernstein. With 

91 Illustrations. Fifth Edition. 5 j, ^ 

XXII. The Theory of Sound in its Relation to Music. By 

Professor Pietro Blaserna. With numerous Illustrations. Third 
Edition. 5 j. 

XXIII. Studies in Spectrum Analysis. By J. Norman Lockyer, 
F.R.S. With 6 Photographic Illustrations of Spectra, and 
numerous engra\iings on Wood. Fourth Edition. 6j-. (xL 

XXIV. A History of the Growth of the Steam Engine. By 

Professor R, H. Thurston. With numerous Illustrations. Fourth 
Edition. 5J. 

XXV. Education as a Science. By Alexander Bain, LL.D. Seventh 

Edition. 5J-. 

XXVI. The Human Species. By Professor A, de Quatrcfagcs. Fifth 

Edition. 5J, 

XXVII. Modern Chromatics. With Applications to Art and ^In- 
dustry. By Ogden N. Rood. With 130 original Illustrations. 

Second Edition. 5 j. * 

• 

XXVIII. The Crayfish s an Introduction to the Study of Zoology. By 
, Professor T. II. Huxley. With 82 Illustrations. Fifth Edition, 5^. 

XXIX. * The Brain as an Organ of Mind. By^H. Charlton Bastian, 

M.D. With numerous Illustrations. Third Edition. 5^. 

XXX. The Atomic Theory. By Professor Wurtz, Translated by E. 

Cleminshaw, F.C.g. Fifth Edition. 5J, 

XXXI. The Natural Conditions of Existence as they affect 
Animal Life. By Karl Semper. With 2 Maps and 106 
Woodcuts. Third Edition. Ks, 

XXXII. General Physiology of Muscles and Nerves. By Proi 
lessor J. Uo'^enthal. Third Edition. With 75 Illustrations. 51. 
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XXXIll. Sight : an Expohition of the Principles of Monocular and 
Binocular Vision. By Joseph le Conte, LL.D. Second Edition. 
With 132 Illustrations. 5r. , 

XXXIV. Illusions ; a Psychological Study. By James Sully, Third 
Edition. • 

XXXV. Volcanoes : what they are and what they teach. 
^?y Professor J. W. Judd, F,R.S. With 96 Illusti^tions on 
Wood. Fourth Edition. 55. 

xxxvf. Suicide: an Essay on Comparative Moral Statistics, By Pro- 
fessor H. Morsclli. Second Edition. With Diagrams. 5^, 

XXXVII. The Brain and Its Functions. By J. Luys. With 
Illustrations. Second Edition. ^ 5^. * 

XXXVIII. Myth and Science ; an Essay, By Tito Vignoli, Third 
Edition. With Supplementary Note. 5J. 

XXXlX. The Sun. By Professor Young. With Illustrations. Third 
Edition. 5^. 

XL. Ants, Bees, and Wasps : a Record of Observations on the 
Habits of the Social llymenoptera. By Sir John Lubbock, Bart., 
M.P. With 5 Chromo-lithographic Illustrations, Ninth Edition. 
5 ^* 

XLI. Animal Intelligence. By G. J. Romanes, LL.D., F.R.S. 
Fourth Edition. 55. 

XLII. The Concepts and Theories of Modem Physics. By 
J, B. Stallo. Third Edition. 5r. 

XLIII. Diseases of Memory : an Essa{» in the Positive Psychology. 
By Professor Th, Ribot. Third Edition. 5 j, 

XLIV, Man before Metals. By N. Joly, With 148 Illustrations, 
Fourth Edition. 5 j, ^ 

XLif, The Science of Politics. By Professor Sheldon Amos. Third 
Edition. 5s, 

XLVI. Elem*ntary Meteorology. By Robert H. Scott. Fourth 
Edition. With numerous Illustrations, 55, 

XLVII. The Organs of Speech and their Application In the 
Formation of Articulate Sounds. By Georg Hermann 
Von Meyer. With 47 Woodcuts. 5J . , 

XLVIII, Fallacies, A View of Logic from the PRA:tical Side. By 
Alfred Sidgwick, Second Edition, Jr. 

XLIX. Origin of Cultivated Plants. By Alphonse de Candolle. 
Second Edition. 55, 

L, Jelly-Fis^ Star-Fish, and Sea-Urchins. Being a Research 
on Primitive Nervous Systems. By 'G. J, Romanes. With 
Illustrations. 5r. 
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LI. The Common Sense of the Exact Sciences, hy tlic late 
■* William Kingdon Clifford. Second Edition. With 100 Eigmes. 
5 ^- 

LIT. Physical Expression : Its Modes and Principles, hy 
Francis Warner, M.D., F.R.C.P., Hunterian Profes-^or of Com- 
parative Anatomy and ^Physiology, ‘R.C.S.E. With 50 Illub- 
» trations. 5r, ‘ P 

LIII. Anthropoid Apes. Ey Robert Hartmann. With Cg Illii'^lia- 
tions. 5 j‘. 

] JV. The Mammalia in their Relation to Primeval Times. 
By Oscir Schmidt. "Vyith 51 Woodcuts. 5^. 

LV. Comparative Literature. By H. Macaulay Pobiictt, LL.D. 5.r. 

LVI. Earthquakes and either Earth Movements. Byjhofcssor 
John Milne. With 38 Figures. Second Edition. 5.^. 

LVir. Microbes^ Ferments, and Moulds. By E. L. Trouessart, 
With 107 Illustrations. 5 j. 

LVlII. Geographical and Geological Distribution of Animals* 
By Professor A. Heilprin. With Frontispiece. 5^, 

LIX. Weather. A? Popular Exposition of the Nature of \Vcather 
Changes from Day to Day. By the lion. Ralph Abercromby. 
Second Edition, With 96 Illustrations. 5J, 

LX. Animal Magnetism. By Alfred Binet and Charles Fere. 
Second Edition, ^s, 

LXI. Manital of British Discomycetes, with descriptions of all the 
Species ol Fungi hitherto found in Britain included in the Family, 
and Illustrations qf the Genera. By William Phillips, F.L.S. 5s. 

LXII. International Law. With Materials for a Code of*Intcr- 
national Law. By Professor l-,eonc Lejj. 5^. , 

LXIII. The Geological History of Plants, By Sir J, William 
Dawson. With 80 Figures. 5J. 

LXIV. The Origin of Floral Structures through Insect 
and other Agencies. By Rev. Profc'ftor G, Heiiblow. With 
88 Illustration*. 5s, 

LXV. On the Senses, Instincts, and Intelligence of Animals. 
With special Reference to Insects, By Sir John Lubbock, Bart., 
M.P. 100 Illustrations, Second Edition, 5 j. 

LXVI. The Primitive Family : Its Origin and Development. 
By C, N. Starcke. Sj. 1 

LXVII. Physiology of Bodily E'xercise. By Fernand Lagrangej 
M.D. SJ. 
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LXVIII. The Colours of Animals : their Meaning and Use, 
especially considered in the Case of Insects. By K.«B. 
Poulton, F.K.S. With Coloured Frontispiece and 66 Illustrations 
in Text. Ss, 

LXIX. Introduction to Fresh-Water Algae, With'an Enumera- 
tion of all the British Species. By M. C. Cooke. 13 Plates. 5 j. 


ORIENTAL, EGYPTIAN, ETC. 

AHLWARDT^ ff'.— The Divans of the Six Ancient Arabic 
Poets, Ennabiga, ’Antara, Tharafa, Zuhair, *A 1 - 
quama, and Irhruulquais. ' Edited by W. Ahlwardt, 
*j 3 emy 8vo, izs, 

ALABASTER^ Henry . — The Wheel of the Law ; Buddhism illus- 
trated from Siamese Sources. Demy 8vo, I4J, 

ALI^ Moulavi Cherdgh . — The Proposed Political, Legal, and 
Social Reforms in the Ottoman Empire and other 
Mohammedan States. Demy 8vo, 

ARNOLD, Sir Edwin, C.S'./.— With Sa’di in the Garden ; or, 

*■ The Book of Love. Being the “ Jshk,” or Third Chapter of 

the “Boslan”of the Persian Poet Sa’di. Embodied in a Dia- 
logue held in the Garden of the Taj Mahal, at Agra. Crown 8vo, 
7 j. 6 d, i 

Lotus and Jewel. Containing “In an Indian Temple," “A 
Casket of Gems," “A Queen’s Revenge," with Other Poems. 
Second Edition, Crown 8vo, js. 6 d. « 

rfeath — and Afterwards. Reprinted from the Fortnightly 
Review^ of August, 1S85. With a Supplement. Ninth Edition. 
Crown^^o, is. 6ft. ; paper, is. 

India Revisited, With 32 Full-page Illustrations, From Photo- 
graphs selected J?y the Author, Crown 8vo, yj. 6d. 

The Light of Asia ; or, The Great Renunciation. Being the 
Life and Teaching of Gautama, Prince tf India, and Founder 
of Buddhism. With Illustrations and a Portrait af the Author. 
Post 8vo, cloth, gilt back and edges ; or half-parchment, cloth 
sides, 3J. 6 d. Library Edition. Crown 8vo, yr. 6 d. Illustrated 
Edition. Small 4to, 21s. 

Indian Poetry. Containing “ The Indian Song of Songs," from 
the Sanskrit of the Gita Govinda of Jayadeva ; Two Books from 
“ The Iliad of India ; ’’ and other Oriental Toems. Fifth Edition. 
p, 6 d 
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ARNOLD, Sir Edwin, C,SJ. — continued, 

^ Pearls of the Faith ; or, Islam’s Rosary : being the Ninety-nine 
beautiful names of Allah. With Comments in Verse from various 
Oriental fources. Fourth Edition. Crown 8vo, *js, 6d. 

Indian Idylls. From the S^skrit of the Mahabharala. Crown 
8vo, 7 j. 6d, 

iThe Secret of Death. Being a Version of the Kathf^ Upanishad, 
from the Sanskrit. Third Pkiition. Crown 8vo, p. 6d. 

The Song Celestial ; or, Bhagavad-Gita. TrftislaltH from the 
Sanskrit Text. Second Edition. Crown 8vo, 5 j. 

Poetical Works, Uniform Edition, comprising “The Light of 
Asia,’k*‘ Indian Poeiay,’* “ PearIs*of the Faith,” ‘‘ Indian Idylls,” 
“The Secret of Death,” “The Song Celestial,” and “With 
Sa’di in the Garden.” In 8 vols. Crown 8vo, cloth, 48J. 

The Iliad and Odyssey of India. Fcap. 8vo, is, ^ 

A Simple Transliteral Grammar of the Turkish Lan- 
guage.* Post 8vo, 2s. 6d. 

Asiatic Society.— Journal of the Royal Asiatic Society of 
Great Britain and Ireland, from the Commencement to 
1863. P'irst Series, complete in 20 vols. 8vo, with many Plates, 
;^I0, or in pjirts from 4^. to 6s, each. 

Journal of the Royal Asiatic Society of Great Britain 
and Ireland. New Scries. 8vo, Stitched in wrapj»a- 
186.^—88. 

Vol, I., 2 Parts, pp. iv. and 490, i6j.— V ol. II., 2 Parts, pp. 522, i6j. 
— Vol. III., 2 Parts, pp, 516, with Photograph, 22^. — Vol. IV., 2 Parts, 
pp. 521, i6s. — ^Vol. V., 2 Parts, pp. 463, with 10 full-page and folding 
Plates, i8j. 6d. — Vol. VL, Part i, pp. 212, with 2 Plates and a Map, 8 j. 
—Vol. VI., I’art 2, pp. 272, with Plate and a Map, 8 j.— V ol. VII., Part I, 
pp. 194, with a Plate, — Vol. VII., Part 2, pp, 204, with 7 Plates and 
a Map, Ss, — Vol. VIII., Part i, pp. 156, wdth 3 Plates and a Aan, Ss. 
— Vol. VIII., Part 2, pp. 152, — ^Vol. IX., Part i,j3p. 154, with a 
Plate, 8 j-.— V ol. IX., Part 2, pp. 292, with^ Plates. 10 r. 6d. — Vol. X., 
Part I, pp. 156, with 2 Plates and a Map, 8 j’. — V ol. A., Part 2, pp. 146, 
6s, — Vol. Part 3, pp. 204, Ss. — Vol. XI., Part i, pp. 128, 5J.— Vol. 

JCI., Part 2, pp. 158, with 2 Plates, ys, 6<f.— Vol. XL, Part 3, pp, 250, 
8j. — ^Vol. XU., Part i, pp. 152, 5 j. — V ol, XI\, Part 2, pp. 182, with 2 
Plates and a Map, 6 s. — Vol. XII., Part 3, jjp. 100, 4s. — ^Vol. XII., Part 4, 
pp, X., 151, cxx., 16, 8 j.— V ol. XIIJ., Part i, pp. 120, ^s. — Vol. XIII., 
Part 2, pp. 170, with a Map, Ss. — Vol. XIII., Part 3, pp. 178, with a 
Table, ys. 6d. — Vol.* XIII., Part 4, pp. 282, with a Plate and Table, 
lor. 6d. — ^Vol. XIV., Part i, pp. 124, with a Tabic and 2 Plates, 5 j.— 
Vol. XIV., Part 2, pp. 164, with i Table, ys, 6d, — ^Vol. XIV., Part 3, 
pp. 206, with 6 Plates, 8 j. — V ol. XIV., Part 4, pp, 492, with l Plate, 
14J. — ^Vol, XV., Part I, pp. 136, 6s. — ^Vol. XV., Part 2, pp. 158, with 
3 Tables, 5/.— Vol. XV., Part 3, pp. 192, dr.—Vol. XV., Part 4, pp. 
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Asiatic Society — continued. 

140, 5.r. — Vol. XVI., Part I, pp. 138, with 2 Plates, 7.f. — ^Vol. XVI., 
Part 2, pp. 184, with i Plate, 9 j. — V ol. XVI., Part 3, July, 1884, pp. 
74-clx., lOJ. 6sr.— Vol. XVI., Part 4, pp. 132, 8 j.— Y ol. XVII., Part i, 
pp. 144, wi^ 6 Plates, loj. 6i. — ^Vol. XVII., Part 2, pp. 194, with a 
Map, gs. — Vol. XVII., Part 3, pp. 342, with 3 Plates, lor. 6d, — Vol. 
XVIIT., Part i, pp. 126, with 2 Plates, 5f.— Vol. XVIII., Part 2, pp. 
196, with|2 Plates, 6r. — Vol. XVIII., Part 3, pp. 130, with ii Plates, 
lav. 6d.—Yoi XVIII., Part 4, pp. 314, with 8 Plates, yj. 6d. — Vol. 
XIX., Pfrt I, OP* with 3 Plates, loj.— Vol. XIX., Part 2, pp. 156, 
with 6 Plates, ioj. — Vol. XTX., Part 3, pp. 216, with 6 Plates, los. — 
Vol. XTX., Part 4, pp. 216, with i Plate, lor.- -Vol. XX., Part i, pp. 
163, lOJ.— Vol. XX., Part 2^ pp. 155, lox.—Vol. XX., Part 3. pp. 143, 
with 3 Plates and a Map, ioj. — Vol. XX.s Part 4, pp. ft 8, ids. 

IV. 6^.~A Short Grammar of the Japanese Spoken 
X.angua^c. Fourth Edition. Ciown Svo, 12s. 

A d'rammar of the Japanese Written Language. Second 
Edition. Svo, 28 j. 

Auctores Sanscrit! 

Vol. I. The Jaiminiya-Nyaya-Mail^-Vistara. Edited 
under the supervision of Theodor Goldstucker. Large 4to, 

Vol. II. The Institutes of Gautama. Edited, with an Index of 
Words, by A, F. Stenzler, Ph.D., Prof, of Oriental Langu.ages 
in the University of Breslau. Svo, cloth, 4J. dd. ; stitched, 3^. SdT. 

Vol. III. Yaitana Sutra: The Ritual of the Atharva 
Veda, Edited, with Critical Notes* and Indices, by Dr, R. 
Garee. Svo, 5^. 

Vols. IV. and V. Vardhamana*s Ganaratnamahodadhi, 
with the Author’s Commentary. EcVled, with Critical Notes 
i and Indices, by Julius Eoceling. Part I, Svo, 6s. Part II. 
Svo, 6s. 

Tatui.^Kn Elftmentary Grammar of the Japanese 
Language, With Easy Progressive Exercises. Second Edi- 
tion. Crown Svo, 5J. , , 

BADGER^ George Perev, D.C.L . — ^An English-Arabic Lexic6n. 
In which the equivalent for English Words and Idiomatic 
Sentences are rendered into literary atid colloguial Arabic. 
Royal 4to, 80s. 

BABFOC/R, F. Af.— The Divine Classic of }jan-Hua. Being the 
Works of Chuang Tsze, Taoist Philosopher. Svo, 14;. 

Taoist Texts, Ethical, Political, and Speculative. Imperial Svo, 
lor. 6d. f 

Leaves from my Chinese Scrap-Book. Post Svo, p. 6d* 
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BALLANTYNEyJ. ^.—Elements of Hindi and Braj Bhakha 
Grammar. Compiled for the use of the East India College at 
^ Haileybury. Second Edition. Crown 8vo, $s. 

First Lessofts in Sanskrit Grammar ; together with an In- 
troduction to the Hitopade^ Fourth Edition. 8vo, 3J. 6d. 

IjRAL^ .S'.— a Catena of Buddhist .Scriptures from the 
^Chinese. 8vo, 15^. ^ 

The Romantic Legend of Sakya Buddha. From the 
Chinese-Sanskrit. Crown Svo, 12s, 

Buddhist Literature in China. Four Lectures. Demy 8vo, 
loj. 

• 

DEAMESy Johit — Outlines ^f Indian Philology. With a Map 
showing the Distribution of Indian Languages. Second en- 
larged Edition. Cro^^n 8vo, 5^. 

A Comparative Grammar of the Modem Aryalt Lan- 
guages of India : Hindi, Panjabi, Sindhi, Gujarati, Marathi, 
Oriya, and* Bengali. 3 vols. i6j, each. 

BELLEWy Deputy^Surgeon-Gefieral H, W , — The History of Cholera 
in India from 1862 to 1881 . With Maps and Diagrams* 
Demy 8vo, £2 2s, 

A Short Practical Treatise on the Nature, Causes, and 
Treatment of Cholera. Demy 8vo, ys, 6d, 

From the Indus to the Tigris. A Narrative of a Joum^ 
through Balochistan, Afghanistan, Khorassan, and Iran, in 1872. 
8vo, lor. 6d, 

Kashmir and KaShghar. A Narrative of the Journey of the 
Embassy to Kashghar in 1873-74. Demy 8vo, lOJ. 6d, 

The Races of Afghanistan. Being a Brief Account of the 
Principal Nations Inhabiting that Country. 8vo, Js, 6d, ^ 

BELLOWSy English Outline Vocabulary, for the Use 

of Students of the Chinese, JEvipanese, ' and other 
Languages. Crown 8vo, 6s. * 

BENREVy TJmdor.’^K Practical Grammar of the Sanskrit 
. Language, for the Use of Early Students. Second 
Edition. Royal Svo, lor. 6d, • 

BENTLEYy Dictionary and Grammar of the 

Kongo Language, as spoken at San Salvador, the Ancient 
Capital of the Old Kongo Empire, West Africa. Demy 8vo, 21s, 

BEVERIDGEy AT.— The District of Bakarganj s Its History and 
Statistics. Svo, 2is. 

Buddhist Catechism (A) ; or, Outline of the Doctrftie of the Buddha 
Gotama. By Subhadra Bhikshu. i2mo, zs. 
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1 . 

BUDGEf Ernest A . — Archaic Classics. Assyrian Texts; being Ex- 
tiacts from the Annals of Shalmaneser II,, Sennacherib, and 
Assur-Ilani-ral. With Philological Notes. Small 4to, yj. 6?. 

BURGESS^ ARCHiEOLOGICAL SURVF-Y OF WESTERN INDIA I— 

Reports— 

The Belgam and Kaladi Districts. With 56 Photographs 
•*and Lithographic Plates. Royal 4to, half-bound, £ 7 . 2ji. 

JThe Antiquities of Kathiawad and Kachh. Royal 
4to, with 74 Plates. Half-bound, £^ 3f. 

The Antiquities in the Bldar and Aurangabad Dis- 
tricts, in the Tcnitorics of His Highness the Nizam of Haidcr- 
ahad. With 63 Photographic* Plates. Roy&l 4to, half-bound, 
£7 2 J . 

The Buddhist Cave-Temples and their Inscriptions, 
(’onlaining Views, Plans, Sections, and hilevation of Fa5adcs of 
Cave-Temples ; Drawings of Architectural and Mythological 
Sculptures; Facsimiles of Inscriptions, etf. ; with Descriptive 
and Explanatory Tfxt, and Translations of Inscriptions, With 
86 Plates and Woodcuts. Royal 4to, half-bound, £}, 3J, 

Elura Cave-Temples, and the Brahmanical and 
Jaina Caves in Western Indip. With 66 Plates and 
Woodcuts. Royal 4to, half-bound, £'^ 3^, 

Arch/eological Survey of Southern India 

Reports of the Amaravati and Jaggaypyaeta Bud- 
dhist Stupas, Containing numerous Collotype and other 
Illustrations of Buddhist Sculptule and Architecture, etc., in 
South-Eastern India; Facsimiles of Inscriptions, etc.; with 
Descriptive and Explanatory Text, Together with Transcrijv 
tions, Translations, and Elucidations of the Dhauli and Jaugada 
Inscriptions of Asoka, by Professor G. Buiiler, LL.D. Vol. I. 
With numerous Plates and Woodcuts. Royal 410, half-bound, 

BURGESS, Epigraphia Indica and Record of the 

Archaeological Survey of India. Edited by Jas, Bur- 
(;ess, LL.D. Parts I., II., and III, Royal 4to, wrappers, 
yj. each, • 

BURNELL, A, C— Elements of South Indian ^palaeography, 
from the Fourth to the Seventeenth Century A.D. Being an 
Introduction to the Study of South Indian Inscriptions and 
MSS. Second enlarged and improved Edition. Map and 35 
Plates. 4to, £2 12s, 6 d, 

A Classirfled Index to the Sanskrit MSS, in the Palace 
at Tanjore. Prepared for the Madras Government, 3 Parts, 
4to, lor. each. 
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CALDWELLy Bishop A Comparative Grammar of the 
» Dravidian or South Indian Family of Languages. 
A second, corrected, and enlarged Edition. Demy 8vo, 28 j. 

CAPPELLERy CarL—K Sanskrit-English Dictionary. Based 
upon the St. Petersburg Lexicons. Royal 8vo. \ln preparation, 

CITALMRRSy /.-—Structure of Chinese. Characters, under 300 
•I'rimary Forms, after the Shwoh-wan, 100 A.D. Dpmy 8vo, 

12J. 6^. 

CIIAMBERLAINy B. //.—A Romanised Japanese Reader. 
Consisting of Japanese Anecdotes, Maxims, with English Trans- 
lation and Notes. I2md, 6 s, 

The Classical Poetry* of the Jai)anese. PosiSvo, ys, 6d. 

Handbook of Colloquial Japanese. 8vo, I2 j. 6 d, 

CHATTERJIy Mohini M.—Whe Bhagavad Gita ; or, The Lord’s 
Lay. With Commentary and Notes. Translated Horn the 
Sanskrit. Second Edition. Royal 8vo, los, 6 d, 

CHILDERSy R. C, — A Pali-English Dictionary, with Sanskrit 
Equivalents. Imperial 8vo, jCs 

The Mahaparinibbnnasutta of the Sutta Pitaka. The 
Pah Text. Edited by R, C. Childkrs. 8vo, 5^, 

CNlNTAMONy //.—A Commentary on the Text of the Bha-- 
gavad-Gfta ; or, The Discourse between Khrishna and Arjung^ 
of Divine Matters. Post 8vo, 6r. 

COOMARA SWAMYy Dathavansa ; or, The History 

of the Tooth Relic ©f Gotama Buddha, in Pali Verse. Edited by 
Mutu Coomara Swamy. Demy 8vo, icw. 6 d, English 
Translation. With Notes. 6 s, 

Sutta Nipata ; or^ Dialogues and Discourses of Gotama Buddha, 
Translated from the original Pali. Crown 8vo, 6 s, • 

COWELLy E, /?.— A Short Introduction to the Ordinary 
Prakrit of the Sanskrit Dram 3 fe, Cro^n Svo, 3J. 6 d, 

Prakrita-Prakasa ; or, The Prakrit Grammar of Vararuchi, 

* with fhe Commentary (Manorama) of Bl^maha. Svo, 14J, 

CRA VENy Tl— English-Hindustani and Hiindustani-English 
Dictionary.* x8mo, 3J, 6 d, 

CUNNINCfl^AMy Major-Gemral Alexander. Ancient Geo- 
graphy of India. I. The Buddhist Period, including the 
Campaigns of Alexander and the Travels of Hwen-Thsang, 
With 13 Maps. Svo, 8j. 

Archaeological Survey of India, Reports. With numerous 
Plates, Vols. I. to XXIII. Royal Svo, loj. iftid ;2j. each. 

General Index to Vols, I. to XXIII, Roy*! Svo, lar. 
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CUST, R, -AT.— Pictures of Indian Life, Sketched with the Pen 
from 1852 to 1881. With Maps. Crown 8vo, 7 j. 6^/, ^ 

DENNYS^ N. i 5 .-— The Folk-Lore of China^ and its Affinities 
with that of the Aryan and Semitic Races. 8 vo, ioj. 6^4 

DOUGLASy R. ^—Chinese ‘Language and Literature. Two 
Lectures. Crown 8vo, 5;. 

The Life of Jenghiz Khan. Translated from the^ Chinese. 
Crown 8vo, ^s. 

EOIYSON, %kn, — A Grammar of the Urdu or Hindustani 
Language. Second Editioi?. Crown 8vo, loj. 61/* 

A HindustanF Kxercise Book. Containing a Series of Passages 
and Extracts adapted for Translation into ifindiistanl. Crown 
8vo, 2J. 6(t, 

DUKAy TJieodore.—Kn Essay on the»"Brahui Grammar. Demy 
* Svo, 3^. 6d, 

DUTTy Romcsh Chunder,—E. History of Civili:jfation in Ancient 
India. Based on Sanscrit Literature. 3 volb. Crown Svo. 
Vol. I. Vedic and Epic Ages. 8x. Vol. II. Rationalistic Age. 
8r. Vol. III. [//; preparation, 

EDKINSy Joseph, — China’s Place in Philology. An Attempt to 
show that the Languages of Europe and Asia have a common 
origin. Crown Svo, los. 6d, 

The Evolution of the Chinese Language. As Exemplifying 
the Origin and Growth of Human Speech. Demy Svo, 4P. 6d, 

The Evolution of the Hebrew ]J-anguage, Demy Svo, 5 j. 

Introduction to the Study of the Chinese Characters. 
Royal Svo, iSj. 

Eg^pt Exploration Fund 

The Store-City of Pithom, and the Route of the Exodus. 
By Edouard ^aville. Third Edition. With 13 Plates and 
2 Mapr. Royal 4to, 25J. 

Tanis. Part I., 1883-84, By W. M. Flinders^ Petrie. ^ With 
19 Plates and«Plans. Royal 4I0, 25J. * 

Tanis. Part 51 . Nebesha, Daphnee (Tahpenes). By W. M. 
Flinders Petrie and Y, Ll. Grifkth. 64 Plates. Royal 
4to, 25r. • 

Kaukratis. Part I. By W. M. Flindbrs Petrie, Cecil Smith, 
E. A. Gardner, and B. V. Head. With 45 Plates. Royal 410, 
2Ss, 

Naukratis. Part II. By Ernest A. Gardner. With an 
Appencfix by F. Ll. Griffi th. With 24 Plates. Royal 4to, 25 j. 

Goshen. By E. Naville. With ii Plates. Royal 410, 2$s, 
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EITEL, E. y , — Buddhism : Its Historical, Theoretical, and Popular 
Aspects. Third, Revised Edition. Demy 8vo, 5^. 

Handbook for the Student of Chinese Buddhism. 
Second Editioft. Crown 8vo, iSj. 

ELLIOT, Sir H. M. — Memoirs on the History, Folk-Lore, 
and Distribution of the Races of the North-Western 
Provinces of India- Edited by J. Eeames. 2 vols. With 
3T^oloured Maps. Demy 8vo, i6r. • 

The History of India, as told by its own Historians.* The 
Muhammadan Period. Edited from the Posthumous Papers of 
the late Sir H. M. Elliot. Revised and continued by Pro- 
fessor John Dowson. 8 vols. 8vo, .^8 8j. 

EMERSON, AW//.— Indian Myths ; or, Legends, Tradi- 

tions, and Symbols of the Aborigines of America. Illustrated. 
Post 8vo, iJ'. t 

FERGUSSON, 7 ’. — Chinese Researches. First Part, diinese 
Chronology and Cycles. Crown Svo, lOJ. 6^. 

FINN, Alexander.^'^^x^xdJi for Travellers. Oblong 32mo, 5^. 

FRYER, Major G, -E.—The Khyeng People of the Sandoway 
District, Arakan, With 2 Plates. 8vo, 3^. 6</. 

Pali Studies. No^ I. Analysis, and Pali Text of the Subodhdlan- 
kara, or Easy Rhetoric, by Sangharakkhita Thera. Svo, 3J, 6//. 

CHOSE, Jj>ke AT.— The Modern History of the Indian Chiefs, • 
Rajas, etc. 2 vols. Post Svo, 2is, 

GILES, Herbert Chinese Sketches. Svo, iop. 6^/. 

A Dictionary of Colloquial Idioms in the Mandarin 
Dialect. 410, 28^. 

Synoptical Studies In Chinese Character. Svo, 15^. 

Chinese without a Teacher. Being a Collection of Easy iind 
Useful Sentences in the Mandarin Dialect. With a Vocabulary. 
I2mo, 5.r. 

The San Tzu Ching; or. Three Character Classic; and the 
,Ch*Jen Tipu Wen; or, Thousand Character Essay. Metrically 
^ translated by Herbert A. Giles. i2mo, hs, 6(/. 

COVER, C. A.— The Fjplk-Songs of Southern India. Con- 
taining ^narese, Badaga, Coorg, Tamil, Malayalam, and Telugu 
Songs. The Cural, Svo, 10s, 6 d, 

GRIFFIN, Z. ZT.— The ilajas of the Punjab. History of the 
Principal States in the Punjab, and their Political Relations with 
the British Government. Royal Svo, 21s. 

GRIFFITH, F, Z.— The Inscriptions of Siut and*Der Rifeh. 
With 21 Plates. 4to, lo.**. 
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GRIFFIS^ W. JF.— The Mikado’s Empire, Book I. History of 
Japan, from B.C. 660 to a.d. 1872. Book IT. Personal Experi- 
ences, Observations, and Studies in Japan, 1870-1874. Second 
Edition. Illustrated. 8vo, 2Qf. * 

Japanese Fairy World. Stories from the Wonder-Lore of 
Japan. With 12 Plates. Square i6mo, 7 j. 6d. 

lIAFfZ OF .S 7 ///*^Z— Selections from his Poems. « Translated 
from the Persian by Hermann Bicknell. With Oriental 

• Bot dering in gold and colour, and Illustrations by J. R. Her- 
bert, R.A. Demy 4to, £2 2j. 

HAGGARD, IK H„ an^ LE STRANGE, C?.— The Vazir of Lan- 
kuran. A Persian Play. lEdiled, with 9 Grammatical Intro- 
duction, a Translation, Notes, and a Vocabulary, giving the 

Pronunciation. Crown 8vo, lOf. td, 

•* 

IIAEL, John Carey , — A General View of Chinese Civilization, 
and of the Relations of the West with China, From the French 
of M. Pierre Laffitte. Demy Svo, 3^* 

Hebrew Literature Society. — Lists on application. 

HEPBURN, J, C.— A Japanese and English’ Dictionary, 
Second Edition. Imperial Svo, i8j. ^ 

A Japanese-English and English- Japanese Diction- 
ary, Abridged by the Author, Square l6mo, 141. 

A Japanese-English and English-Japanese Diction- 
ary. Third Edition. Demy Svo, half-morocco, cloth sides. 
30J. ' 

HILMY, 11.11, Prinre Ibrahim , — ^The Literature of Egypt and 
the Soudan. From the Eailicst Times to the Year 1SS5 
, inclusive. A Bibliography; complising Printed Books, Periodical 
Writings and Papers of Learned Societies, Maps and Charts, 
Aucient Pagyri, Manuscripts, Drawings, etc. 2 vols. Demy 

Hindoo Mythology Popularly Treated, An Epitomised De- 
scription of the various Heathen Deities illusValed on fhe Silver 
Swami Tcc Service presented, as a memento of his visit to India, 
to H.R.H. the Prince of Wales, K.G., by His Highness the 
Gaekwar of Baroda. Small 4to, 3^. od. ^ 

HODGSON, B, ^.—Essays on the Languages, Literature, and 
Religion of Nepal and Tibet. Together with further 
Papers on the Geography, Ethnology, and Commerce of those 
Countries. Royal Svo, I4r. 

HOPKINS,^ F, Z.— Elementary Grammar of the Turkish 
Language. With a few Easy Exercises. Crowm Svo, 3J. 6Z 
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HUNTER, Sir William Wilson . — The Imperial Gazetteer of 
, India. New Edition. In 14 vols. With Maps. 1886-87. 
Half-morocco^ 3J. 

The Indian Empire : Its People, History, and Products. 
Second and Revised Edition, ipcorporating the general results 
of the Census of 1881. With Map. D(jmy 8vo, IJ-. 

A Brief History of the Indian People. Fourth ^Idition. 
With Map, Crown 8vo, 3J. 6 d, 

The Indian Musalmans. Third Edition. 8vo,*ioir. 6& 

Famine Aspects of Bengal Districts. A System of Famine 
Warnings.^ Crown Svo, ys, 6 d, « 

A Statistical Account of Bengal. In 20 vols. Svo, half- 
morocco, jCs. 

A Statistical Account of Assam. 2 vols. With z^Maps, 
Svo, half- morocco, ioj. 

Catalogue o^ Sanskrit Manuscripts (Buddhist). Col- 
lected in Nepal by B. H. Hodgson. Svo, 2s. 

India.— Publications of the Geographical Department of 
the India Oflloe, London. A separate list, also list of all 
the Government ^aps, on application. 

India. — Publications of the Geological Survey of India. 
A separate list on application. 

India Office Publications 

Aden, Statistical Account of. 5J. 

Baden Powell. Land Revenues, etc., in India. i2j. 

Do. Jurisprudence for Forest Officers. i2j. 

Bears Buddhist Trli^itaka. 4f, 

Bombay Code, 21J. 


Bombay Gazetteer, Vol. II. i4.r. Volt VIII. 9^.* Vol. XIII. 


Do. 

• do. 

(3 jiarts) i6s, Vol. XV, {S parts.) i 6 j. 
Vols. III. to VII., and X., XI., XII., 

Do. 

do. 

XIV., XVL 8f. elch. 

Vols. XXL, XXII., Mid XXIIL gr. each. 

Burgess’ Archaeological Survey of Western India. 

Do. 

• 

Vol. 11 . 63s. 

do, do. Vol. III. 42J. 

Do. 

Do. 


do. Vols. IV. and V. 126^. 

do. Southern India. 

• Vol. I. 84J. 


Burma (British) Gazetteer. 2 vols. 5or. 
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India Office Publications— 

Corpus Inscriptionem Indicarum. Vol, 1 . 32J. Vc^. III. 
50J. f 

Cunningham’s Archaeological Survey. Vols. I. to XXITI. 

• lOJ.and i2J-.cach. 

Do. 'Index to Vols. J. to XXII T, I2J. ^ 

Penance and Revenue Accounts of the Government of 
* Intjjia for 1883 - 4 . 2s. 6 d. 

Gamble. Manual of Indian Timbers, ioj. 

Indian Kducation Commission, Report of the. 12s, 
Appendices. 10 Vols. lac. « • 

Jaschke’s Tibetan -English Dictionary. 30J. 

Diotard’s Silk in India. Part*!. 2s. 
lloth. Catalogue of Arabic MSS. io.r. 6 d. 

Markham’s Abstract of Reports of Surveys, js. 6 d. 
Mitra (Rajendralala), Buddha Gaya. 6oj*. 

Moir. Torrent Regions of the Alps. is. 

Mueller. Select Plants for Extra-Tropical Countries. 

8j. 

Mysore and Coorg Gazetteer. Vols. I. and II. lor. each. 

Do. do. Vol. III. 5 ^’. 

N. W, P. Gazetteer. Vols. I. and II. 10s. each. 

Do. do. Vols ITT. tb XL, XITI. and XIV. J2s. 

each. 

Oudh ; do. Vols. I. to III. loj. each. 

^ Rajputana Gazetteer. 3 vols, i$s. 

Saunders’ Mountains and River Basins of India. $s, 
Tayldt^ Indifn Marine Surveys. 2s. 

Trigonometrical Survey, Synopsis of Great. Vols. L to 
VI. IOJ. each. • 

Trumpp’s A^ i Granth. 52J. 6 d, 

Waring. Pharmacopoeia of India (The). 6j. 

Watson’s Tobacco. 5J. ‘ 

Wilson. Madras Army. Vols. I.*and II. 21J. 

International Kumismata Orientalia (The). Royal 4to, in paper 
wrapper. Part I. Ancient Indian Weights, by E. Thomas, 
F'.R.S* With a Plate and Map of the India of Mann. 91. 6 d, 
Part TI. Coins of the Urtuki Turkumins. By Stanley Lane 
Poole, With 6 Plates, gs. Part III. The Coinage of Lydia 
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International Numismata Orientalia continued, 

* and Persia, from the Earliest Times lo the Fall of the Dynasty of 
the Achocmqpid00. By Barclay V. Head. With 3 Autotype 
Plates. lOf. 6d/. Part IV. The Coins of the Tuluni Dynasty. 
By Edward Thomas Roger^. i Plate. Sj. Part V. The 
Parthian Coinage. By Percy Gardner. 8 Autotype Plates. 
i&. Part VI. The Ancient Coins and*Mcasures of Ceylon. By 
T. W. Rhys Davids, i Plate. lor. * 

Vol. I. Containing the fii-st six parts, as specified jbove,# Royal 
4to, half-bound, 13J. td, 

Vol. IT. Coins of the J^ws. Being a History of the Jewish 
Coinage a^d Money in t^e Old and New Testaments. By F. W. 
Madden, M.R.A.S. With 279 Woodcuts and a Plate of 
Alphabets. Royal 410, £1, 

Vol. III. Part I. The Coins of Arakan, of Pegu, ^nd of 
Burma. By Lieut.-General Sir Arthur Phayre, C.B. 
Also contains the Indian Balhara, and the Arabian Intercourse 
with India in the Ninth and following Centuries. By Edward 
Thomas, F.R.S. With 5 Autotype Illustrations. Royal 4I0, 
8j. (id, 

Vol. III. Part II. The Coins of Southern India, By Sir 
W. Elliot. With Map and Plates. Royal 4to, 25 j. 

JASCHKE, II, A,-^A Tibetan-English Diction ai^. With specia^ 
reference to the Prevailing Dialects. To which is added an 
English -Tibetan Vocabulary. Imperial 8vo, £l los, 

Jataka (The), together w^h its Commentary. Being Tales of the 
Anterior Birth of Gotama Buddha. Now first published in Pali, 
by V. Fausiiotj« Text, 8vo. Vol. I. 28j. Vol. II. 28j. 
Vol. III. 28j. Vol. IV. 2Ss, Vol. V., completing the work, 
is in preparation, • 

yEHHIUGS, //flr^flZ'tf.—The Indian Keligions ; or, Results'ol^ the 
Mysterious Buddhism. Demy 8yo, lor. ^ • 

JOHNSON, Oriental Religions and thei?Relation to 

, Univefsal Religion. Persia. Demy 8vo, i8j. 

KISTNEE, Buddha and his Doctrin^. A Bibliographical 
Essay. 4to, 2S, (id, 

KNOWLES, % AT.— Folk-Tales of Kashmir. Post 8vo, i6j. 

KOLBE, F. W.—A Laiiguage-Study based on Bantu ; or, An 
Inquiry into the Laws of Root-Formation. Demy 8vo, 6 s, 

JHEAPF, Z.— Dictionary of the Suahill Language. 8vo, 3or. 

LEGGE, The Chinese Classics. With ^ a Translation, 

Critical and Exegetical. In 7 vols. Vols. I,-V. in 8 Parts, 
published. ■ Royal 8vo, £2 2s. each part. 
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I 

LEGGEf James — eontinued. 

The Chinese Classics, translated into English. With Prelimi- 
nary Essays and Explanatory Notes. Popular Edition. Crown 
8vo. Vol. I. Life and Teachings of Conflcius. Sixth Edition. 
iCtf. 6i/. Vol. II. Works of Mencius. I2J, Vol. III. Shc- 
King ; or, Book of Poetry. 12s, 

LILLIE. Arthur, Popular Life of Buddha. 

Containing an Answer to the llibbert Lectures of iSSflr. With 
Illustrations. Crown 8vo, 6 s. 

• % 

Buddhism in Christendom ; or, Jesus the Essene. With 
Illustrations. Demy 8vo, 15^3 

LOBSCHEID, Chinese and English Dictionary, arranged 
according to the Radicals. Imperial Svo, ;f2 Sj. 

English and Chinese Dictionary, with the Punti and Man- 
^ darin Pronunciation. Folio, ts. 

Maha-vira-Charita ; or, The Adventures of the Great Piero Rama. 
An Indian Drama. Translated from the Sanskrit of Biiava- 
BIIUTI. By John PiCKFORD. Crown Svo, 5 j, 

MARIETTE-BEY, Au^(^tste.’—'t\Le Monuments of Upper Egypt. 
A Trandaiion of the “ Itineraire de la Haute ICg7pt of Auouste 
Mariet'J e-Bey. By AuMioNbE Marif/ite. Crown Svo, yj. 6 d, 

MARSDEN, If 7 ////zw.— Numismata Orientalia Illustrata : The 

. Plates of the Oriental Coins, Ancient and Modern, 

of the Collection of the late Wili.tam Marsden, F.R.S. lin- 
graved from Drawings made under his Directions. 57 Plates. 
4to, 31J. 6 d. 

MASON, E. — Burma ; Its People and IToductions ; or, Notes 
on the P'auna, Flora, and Minerals of Tenasserim, Pegu, and 
Burma. Vol. I. Geolog}', Mineralogy, and Zoology. Vol. II. 
Botany. Rewritten by W. TheobaiJd. 2 vols. Royal Svo, £^. 

MAXWELL, W, E.’—A Manual of" the Malay Language. 
Second Editioi# Crown Svo, ys. 6 d. 

MAYERS, Vi^m. The Chinese Government. A Manual oi 

Chinese Titles. Second Edition. Royal Svo, i^j. • 

Megha-Duta (Tlv3)i (Cloud Messenger.) By Kalidasa. Trans- 
lated from the Sanskrit into English Verse by the late H. H. 
Wilson, F.R.S. The Vocabulary by Francis Jjohnson. New 
Edition. 4to, lor. 6 d. 

• 

MOCKLER, E . — A Grammar of the Baloochee Language, as 
it is spoken in Makran (Ancient Gedrosia), in the Persia- Arabia 
and Roman characters. Fcap. Svo, $s, 

MUJRi -Original Sanskrit Texts, on the Origin and History 
of the People of India. Translated by JOHN MuiR, LL.D. 
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MUIR^ JohH"—^continucd» 

Vol. I. Mythical and Legendary Accounts of the Origin of Caste, 
with an Inq\>iry into its Existence in the Vedic Age. Third 
Edition. 8vo, u. 

Vol. II. The Trans-Himalayan Origin of the Hindus, and their 
Affinity with the Western Branches of the Aryan Race. Scctjnd 
Kclition. 8vo, u. » 

Vol. III. The Vedas : Opinions of their Authors, and of later Indian 
Writers, on their Origin, Inspiration, and Authciity. isceond 
Edition. 8vo, i 6 s, 

Vol. IV. Comparison of the Vedic with the Later Representation of 
the Principjil Indian Deifies. Second»Edition. 8vo, is. 

Vol. V. Contributions to a Knowledge of the Cosmogony, Mytho- 
logy. Religious Ideas, Life and Manners of the Indians in the 
Vedic Age. Third Edition. 8vo, £i is. 

AWLIER^ F. iT/dur.-— Outline Dictionary, for the Use of iJission- 
arics, Explorers, and Students of Language. i2mo, morocco, 
7 j. ()d. 

The Sacred Hymns of the Brahmins, as preserved in the 
Oldest Collection of Religious Poetry, the Rig-Veda-Sanhita. 
Translated by F. Max Muller. Vol. I. Hymns to the Maruts, 
or the Storm-Gods. 8vo, I2r. ()d. 

The Hymns of the Rig-Yeda, in the Samhita and Pada 
Texts. 2 vols. Second Edition. 8vo, ;£“i I2 j. ■ 

H^gananda; or, The Joy of the Snake World. A Buddhist Drama. 
Translated from the Sanskrit of Sri-Harsha-Deva, with Notes. 
By P. Boyd. Crowh 8vo, 4^. 6rf. 

NEWMAA\ Francis William. --K. Handbook of Modern Arabic. 
Post 8vo, 6 j. 

» 

A Dictionai;y of Modern Arabic. Anglo-Arabic Dictionary 
and Arabo-English Dictionaiy. 2 vols. Crown 8vo, £\ u. 

Oriental Text Society’s Publications. A list majf be had on 
application. * 

PALMERy the 'date E. //.—A Concise English-Persian Dic- 

, tionary. With a Simplified Grammar of^he Persian Language. 
Royal l6mo, lor. td. • 

A Concise Persian-English Dictionary. Second Edition. 
Royal f6mo, lor. 6(/. 

PRATT, George.— A Gratnmar and Dictionary of the Samoan 

, Language. Second Edition. Crown 8vo, i8j. 

REDHOUSEyJ. W.—The Turkish Vade-Mecum of Ottoman 
Colloquial Language. English and Turkidi, and Turkish 
and English. The whole in English Characters, the Pronuncli- 
tion being fully indicated. Third Edition. 32mo, 6 s. 
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la^DJlOUSE.J. W.^coniinueiL 

On the History, System, and Varieties of TurRish 
Poetry. Illustrated by Selections in tihe Original and in 
English Paraphrase. 8vo, 2s, 6d , ; wrapper, is, 6d, 

A Tentative Chronolo'gical Synopsis of the History of 
Arabia and * its Neighbours, from b.c. 500,000 (?) to 
•'A.n. 679. Demy 8vo, is, ^ 

Rig-VJeda-^anhita. A Collection of Ancient Hindu Hymns. Trans- 
lated from the Sanskrit by the late II. H. Wilson, F.R.S. 
Edited by E. 15 . Cowell and, W. F. Webster. In 6 voIs. Svo, 
cloth. Vols. I., II., III. 2ir.each. Vol. IV. 14J. Vols.V.and 
VI. 21J. each. * # • 

SACHAUi Edward, — Alberuni’s India. An Account of the Re- 
ligion, Philosophy, Literature, ^ Geography, Chronology, As- 
# tronomy, Customs, Laws, and Astrology of India, about A.D. 
1030. Edited in the Arabic Original by Dr. Edward Sachau. 
4 to. y- 

An Cnglish Kdition. With Notes and Indices, 2 vols. Post 
Svo, 36 j-. 

SALMONE, H, A,^An Arabic-English Dictionary. Com- 
prising about 120,000 Arabic Words, with an English Index of 
about 50,000 Words. 2 vols. Post Svo, 36r. 

*JATOWf Ernest Mason , — An Knglish-Japanese Dictionary of 
the Spoken Language. Second Edition, Imperial 32mo, 
iis, 6d, 

SCHLAGINTWEIT^ Buddhisili in Tibet. Illustrated by 

Literary Documents and Objects of Religious Worship. With a 
Folio Atlas of 20 Plates, and 20 Tables of Native Print in the 
Text, Royal Svo, £,2 2x, .• 

SC6TTy James Burma as it was, as it is, and as It will 

be.^ Cheap Edition. Crown Svo, 2s, 6d, 

SHEERING^ M, .< 4 .— The Sacred City of the Hindus, An 
Account of Benares in Ancient and Modem Times. With Illus- 
trations. Svp, 2\s, »» • 

STEELE^ Tk , — A OhE astern Love-Story, Kusa Titakaya. Crown 
Svo, 6s, 

SUYEMATZf K , — Genji Monogatari, The Most Celebrated of the 
Classical Japanese Romances. Translated by K, Suyematz. 
Crown Svo, yj. 6d, 

TARRING^ C, 7.— A Practical Elementary Turkish Grammai*. 
Crown Svo, 6s, 

Vazir of Lafikuran. A Persian Play. A Text-Book of Modern 
Colloquial Persian. Edited by W. H. Haggard and O. tfc 
Strange. Crown Svo, loj. 6d, 
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W^TSON^y John Index to the Native and Scientific 

Names of Indian and other Eastern Economic 
Plants aitd Products. Imperial 8vo, £iiis, (>d, 

WHEELERyJ. The History of India from the Earliest 

Ages. Demy 8vo, Vol. 1 . Containing the Vedic Period 
and the Maha Bharata. With Map. ' Vol. II. The Ramayana, 
*and the Brahmanic Period. With 2 Maps. 2 Ij. Vol. III. 
Hindu, Buddhist, Brahmanical Revival. With 2 Maps. 8vo, 
iSs. This volume may be had as a complete woflc witl? the fol- 
lowing title, “History of India: Hindu, Buddhist, and Brah- 
manical.” Vol, IV. Part I. Mussulman Rule. 14J. Vol. IV, 
Part II. Completing th^ History of llidia down to the time of the 
Moghul Empire. I2j. 

Early Records of British India. A History of the English 
Settlements in India,* as told in the Government Records, and 
other Contemporary Documents, from the earliest period down to 
the rise of British Power in India. Royal 8vo, 151. 

IVIIITNEYy W. I).—A Sanskrit Grammar, including both the 
Classical Language and the older Dialects of Veda and Brahmana. 
Second Edition. 8vo, izr. 

WHlTWORTHy George CHfford^An Anglo-Indian Dictionary ; 
a Glossary of ftidian Terms used in English, and of such English 
or other Non- Indian Terms as have obtained special meanings in 
India, Demy 8vo, cloth, 12 s. • 

WILLIAMSy S. irells,—A Syllabic Dictionary of the Chinese 
Language ; arranged according to the Wu-Fang Yuen Yin, 
with the Pronunciation of the Characters as heard in Pekin, 
Canton, Amoy, and Shanghai. 4lo,;f5 5J. 

//yZ^dxV.— Works of the late Horace Hayman Wilson, 

Vols. I. and H. Essays and Lectures chiefly on the Religion ^f the 
Hindus. Collected and Edited by Dr. Reinhold Rost. 2 vols. 
Demy 8vo, 2IJ. .» » 

Vols. IIL, IV., and V, Essays Analytical, Critical, fiid Philological, 

, on Suljjects connected with Sanskrit Literature. Collected and 
Edited by Dr. Reinhold Rost. 3 vols? Demy 8vo, 36J. 

Vols. VL, VII., VIII., IX., and X. (2 part?). Vishnu Purand, a 
System of Hirittu Mythology and Tradition. From the original 
Sanslfrit. Illustrated by Notes derived chiefly from other Puranas, 
Edited by FiTzFpwARD Hall, D.C.L, Vols. I. to V. (2 parts). 
Demy 8vo, 4 ^* 

Vols. XI. and XII. Select Specimens of the Theatre of the Hindus. 
From the original Sanskrit. Third Edition. 2 vols. Demy 
8vo, 2IJ. • 

WRIGHT, IT.— The Book of Kalilah and Dim n ah. Trans- 
lated from Arabic into Syriac. Demy 8vo, 2 Ij. * 
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TRUBNER»S ORIENTAL SERIES. 

Essays on the Sacred Language, Writings, and Religion 
of the Parsis, By Martin Haug, Ph.D, Third Edition, 
Edited and Enlarged by E. W. West. i6f. 

Texts ^rom the Buddhist Canon, commonly known af Dham- 
mapada. Translated from the Chinese by S. Beal. 7j. 6/4 

The liistorV of Indian Literature. By Albrecht Weber. 
Translated from the German by J. Mann and Dr. T. Zaciiartae. 
Second Edition, lOJ, 6//. ' 

A Sketch of the Modern Langt/ages of tbfe East Indies. 
With 2 Language Maps. By Robert Gust. 7jr. 6//. 

The Birth of the War-God. A IMein. By KAltdasa. Trans* 
•lated from the Sanskrit by Ralph T. IT, Grieitths. Second 
Edition. 5^. 

A Classical Dictionary of Hindu Mythology and History, 
Geography and Literature. By John Dowson. i6j. 

Metrical Translations from Sanskrit Writers. By J. Muir, 

I4X. 

Modern India and the Indians. Being a Series of Im])rcs* 

« . sions, Notes, and Essays. By Sir Monier Monier-Wjli.iams, 
Fourth Edit ion. 14J. 

The Life or Legend of Gaudama, the Buddha of the Burmese. 
By the Riglit Rev. P. Bigandet, Third Edition. 2 vols, 2ij', 

Miscellaneous Essays, relating to Indian Subjects. By B, H, 
Hodgson. 2 vols. 2 Sj. 

♦ 

Selections from the Koran. By P:dward William Lane. 
A New Edition. With an Introduction by Stanley Lane 
POOCE, 9J. « 

Chinese Buddhism. A Volume of Sketches, Historical and Critical. 
By J. Edkins, D.D. i8j. , 

The Gulistan ; <v*, Rose Garden of Shokh MushliVi-’d- 
Din Sadi of Shiraz. Translated (rom the Atish Kadah, by 
E. B. Eastwick, F.R.S. Second Edition, ioj. 6/4 

A Talmudic Miscellany ; or, I One Tl^usand and One Extracts 
from the Talmud, the Midrashim, and the Kabbalah. Compiled 
and Translated by P, J. IIershon, 14.?. • 

The History of Esarh addon (Son of Sennacherib), King of 
Assyria B.c. 681-668. Translated from the Cuneiform Inscrip- 
tions in the British Museum. Together with Original Texts. 
By p. A. Budge, los, 6/4 
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Buddhist Birth-Stories ; or, Jataka Tales. The Oldest Collec- 
* tion of Folk-Lore extant : being the Jatakatthavannana. Edited 
in the origij|al Tali by V. Fausboll, and translated by T, W. 
Rhys Davids. Trariblation. Vol. I. i8j. 

The Classical Poetry of the Japanese. By Basil Cham- 

IIERLAIN. 7j. 6^/. 

Linguistic ^nd Oriental Essays. By K. CusT, LL.l5. First 
Series, ioj. 6 d , ; Second Series, with 6 Maps, 2is,^ ^ 

Indian Poetry. Containing “The Indian Song of Songs,” from 
the Sanskrit of the Gita Oovinda of Jayadeva ; Two Books from 
“ The Iliad of India ” (Mahdbharata)^ and other Oriental Poems. 
By Sir EilwiN ArnoliJ* K.C.I.E. Third Edition. Js, 6d. 

The Religions of India. By A. Barth, Translated by Rev, 
J. Wood. Second EcKtion. i6j. 

Hindu Philosophy, The Sankhya Karika of Iswara Rrishna, 
An Exposition of the System of KapiJa. By John Davies. 6s, 

A Manual of liindu Pantheism. The Vedantasara. Trans- 
lated by Major G, A. Jacob. Second Edition, 6s, 

The MesnevI (usually known as the MesnevTyi Sherif, or Holy 
Mesnevi) of Mevlanii (Our Lord) Jelalu-M-Din Muhammed, Er- 
Ruinl. Book the First, Illustrated by a Selection of Charac- 
teristic Anecdotes as collected by their Historian Mevlana 
Shemsu-'d-Din Ahmed, El Eflaki El Arifl, Translated by J. V\^ 
Rediiousl. is. 

Eastern Proverbs and Emblems illustrating Old Truths. 
By the Rev. J. Lon(¥. 6jr. 

The Quatrains of Omar Khayyam. A New Translation, By 
E. 11. WllINFlKLD. 5 j. 

The Quatrains of Om*ar Khayyiim. The Persian Text, jvilh 
an English'Verse Translation. By E. H. Whinfield. los. 6i/, 

The Mind of M'incius ; or, Political EconoAy founded' upon Moral 
Philosophy. A Systematic Digest of the Ddttrines of the 
Chinese Philosopher Mencius. I'hc Original Text Classified and 
' Translafed by the Rev. E. Fabkr. Tr.ansWlted from the German, 
* with Additional Notes, by the Rev. A. B. Hutchinson, ioj. Gd, 

Yusuf and Zulaika*. A Poem by Jami, Translated from the 
I’ersiaif into ICnglish Verse by R. T. IL Griffith. 8j. 6 i /, 

Tsuni- 11 Goam, the Supreme Being of the Khoi-Khoi, By Theo- 

PHILUS Hahn, yj, 6 d , 

» * 

A Comprehensive Commentary to the Quran. With Salf.*s 
P reliminary Discourse, and Additional Notes. jBy Rev. E. M. 
Wherry. Vols. L, II. , and ITT. I2j. 6( i , each. Vol, IV, 

IOJ. 6 ti . 
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1 

Hindu Philosophy: The Bhagavad Giti; or, The Sacred 
Lay. A Sanskrit Philosopliical Lay. Translated by John 
Davies. 8j. 6^. 

i. 

The Sarva-Darsana-Samgraha ; or, Review of the Different 
Systems of Hindu Philosophy. By Madhava Acharya. Trans- 
lated by E. B. CpwELL and A. E. Gough, los , 6(t. 

Tibetav. Tales. Derived from Indian Sources. Translated from 
the Tibetan of the Kay-Gyur by F. Anton von SciiiEi-KEk. 

♦ Donoiinto English from the German by W. R. S. Rai.ston. 14s. 

Linguistic Essays, By Carl Abel. gs. 

The Indian Empire : *jlts History, People, and I’roducls. By Sir 
William Wilson Hunter, K-C-S.!. 21s . ‘ 

History of the Egyptian Religion, By Dr. C. P. Tiele, Leiden. 
Translated by J. Ballingal. 7a, 6//. 

The Philosophy of the Upanishads. By A E. Gougii. gs. 

Udanavarga. A Collection of Verses from the Buddhist Canon. 
Compiled by DharmatrAta. Translated from the Tibetan by 
W. WooDviLLE Rockhill. gs. 

A History of Burma* including Burma Proper, Pegu, Taungu, 
Tenasserim, and Arakan. From the Earliest Time to the End 
of the First War with British India. * By Lieut.-General Sir 
Arthur P. 1 ?hayre, C.B. 14J. 

A Sketch of the Modern Languages of Africa. Accom- 
panied by a Language Map. By R. N, CUST. 2 vols. W’ith 
31 Autotype Portraits. i8j. 

Religion in China. Containing a Bifef Account of the Three 
Religions of the Chinese. By JOSEPH Edkins, D.D. Third 
Edition, ys. ( id . 

Outlines of the History of Religioif to the Spread of the 
^ Universal Religions, By Prof. C. P. Tiele. Translated 
from^lhe Dutch by J. Estlin Carpenter. Fourth Edition, yj-. 6^. 

Si-Yu-Ki. Guddhist Records of the Western World. 
Translated from the Chinese of Hiuen Tsaing (a.d. 629). By 
Samuel Bear. 2 vols. With Map. 24J. • * 

The Life of the *!Buddha, and the Early History of his 
Order. Derived from Tibetan Work^ in the Bkah-Hgyur and 
the Bstan-Hgyur. By W. W. Rockhill. iqt. ^ d . 

The Sankhya Aphorisms of Kapila. 'With Illustrative Extracts 
from the Commentaries. Translated by J, R. Ballantyne,, 
LL.D. Third Edition. l 6 s . 

The Ordinances of Manu, Translated from the Sanskrit. With 
an Introduction by the late A. C. Burnell, C.I.E. Edited by 
Epward W. Hopkins. 
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The Life and Works of Alexander Csoma De Kbrds between 
18x9 and 1842. With a Short Notice of all his Works and 
' Essays, from Original Documents. Ey T. Duka, M.D. 9^. 

Ancient ProverAs and Maxims from Burmese -Sources ; 
or, The Kiti Literature of Burma. By James Gray. 6s. 

Manava-Dharma-Castra. The Code of Maim. Original Sanskrit 
,Text, with Critical Notes. By Prof. J. Jolly, Ph.D. #iar. 6 it, 

Masnavi I Ma’navi. The Spiritual Couplets of Maulang. Jalalu- 
’d-Di'n Muhammad I Ruiuf. Translated and Abridged. By 
E. H. WlIINFIELD. Js.fid. 

Leaves from my Chinese Scrap-Bopk. By F. H. Balfour. 
7 s, 6 d, ' 

Miscellaneous Papers relating to Xndo-Chlna. Reprinted 
from “ Dairy iiiple’s GHental Repertory,” ^‘Asiatick Re^arches,” 
and the “ Journal of the Asiatic Society of Bengal.” 2 ^^Is. 21s. 

Miscellaneous Essays on Subjects connected with the 
Malay Peninsula and the Indian Archipelago. From 
the “Journals” of the Royal Asiatic, Bengal Asiatic, and Royal 
Geographical Societies ; the “Transactions” and “Journal” of 
the Asiatic Society of Batavia, and the “ Malayan Miscellanies.” 
Edited by R. '♦Rost. Second Series. 2 vols. With 5 Plates 
and a Map. 5.V. 

• 

The Sa takas of Bhartrihari. Translated from the Sanskrit by the 
Rev. B. Hale Wortham. 5 j. 

Alberuni’s India, An Account of the Religion of India: its 
Philosophy, Literature, Geography, Chronology, Astronomy, 
Customs, Law, and Astrology, about A.D. 1030. By Edward 
Sachau. 2 vols., 36J. 

The Folk-Taley of Kashmir, By the Rev. J. Hinton Kno\Vles. 
i 6 s. 

t * ' 

Mediaeval Researches from Eastern Asiatic Sources, Frag- 
ments towards the Knowledge of the Geography and History of 
Centra! and Western Asia from the Thirteenth to the Seven - 
* - teenth Century. By E. Bretsciineider.* M.D. 2 vols. With 
2 Maps. 2IJ. , 

The Life Hiuen-Tsiang. By the Shamans Hwui Li and 
Ykn-Tsung. With an Account of the Works of I-Tsing. By 
Prof. Samuel BifeAL. lor. 

'English Intercourse with Siam in the Seventeenth Century, 
By J. Anderson, M.D., LL.D., F.R.S, 15^. ^ 

Bihar Proverbs. By John Christian. . [In prefayaflon. 
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Original Sanskrit Texts on the Origin and History of the 
People of India : Their Religion and Institutions. Collectfid, 
Translated, and Illustrated. By J. Mui^ LL.D. Vol. 1 . 
Mythical and Legendary Accounts of the Cnigin of Caste, with 
an inquiry into its existence in the Vedic Age. Third Edition. 
2is» 


MILITARY WORKS. 

* € ‘ 

BRACKENBURY^ Col C. — Military Handbooks for 

Regimental Officers. 

I. «Military Sketching and Reconnaissance. By Col, 

F. J. Hutchison and Major H. G. MacGregor, Fifth 
Edition, With i6 Plates, Small crown $vo, 4r. 

II. The Klements of Modern Tactics Practically 

applied to English Formations. By Lieut. -Col. 
Wilkinson Shaw. Seventh Edition. With 25 Plates and 
Maps. Small crown 8vo, 9r. 

III. Field Artillery. Its Equipment, Organization and Tactics. 

By Lieut. -Col. Sisson C, Pratt, K.A. Fourth Edition, 
Small crown 8vo, 6 s. 

IV. The Elements of Military Administration. First 

Part : Permanent System of Administration, By Major 
J. W. Buxton. Small crown 8vo, yj. 6 d, 

V. Military Law: Its Procedure and Practice. By 

Lieut. -Col. Sisson C. Pratt, R. A ^ Fifth Edition. Revised, 
Small crown 8vo, 4J. 6 cl. • 

t ^ » 

VI. Cavalry in Modem War. By Major-General F. Chenevix 

Trench, C.M.G. Small crown 8vo, dr, • 

VII. Fielcf Works. Their Technical Construction and Tactical 
Application. By the Editor, Col. C. B. Braqkenbury, k*A. 
Small croi^ 8vo, in 2 parts, i2j. ^ 

BROOKE^ Major^ C. A'.— A System of Fie^d Training. Small 
crown 8vo, cloth limp, 2 s. ^ 

Campaign of Fredericksburg, November— December, 1862 . 
A Study for Officers of Volunteers. Sy a Line Officer. With 
5 Maps and Flans. Second Edition. Crown 8vo, 5r. 

CLERYf C, Francis^ Minor Tactics. With 26 Maps and Plans. 
Eighth Bdition, Revised. Crown 8vo, 9r. 

COLVILE^ liful-Col C. F.— Military Tribunals- Sewed, 2 j. 6 d, 
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^RAUFURD^ Capt, IT, J, — Suggestions for the Military Train- 
» ing of a ComxJany of Infantry. Crown 8vo, ij. 6d, 

HAMILTON^ CapHlan, The Fighting of the Future, u. 

JJARRJSOjV, Col, The Officer’s Memorandum Book for 
Peace and War. Fourth Ediiion, Revised throughout, 
f Oblong 32mo, red basil, with i>encil, 35. (id, * • 

Notes on Cavalry Tactics, Organisation, etc., hy % Cavalry 
Officer. With Diagrams. Dcniy 8vo, I2J, 

FARR, Col, IT, Jlalltim, C.Rl,G. — Th(^ Dress, Horses, and 
Equipijaent of Injfantry and Staff Officers. Crown 
8vo, ij. 

Further Training and Equipment of Mounted In- 
fantry. Crown iJvc^, is. ^ , 

FATERSOIIf IJcul.-Colonel I Vi Hi am. —■'Koies on Military Survey- 
ing and Reconnaissance. Sixili Edition. With 16 Plates. 
Demy 8vo, •js. (id. 

SCJTAvV^ Col //.—The Defence and Attack of Positions and 
Localities. Fourth Edition. Crown 8vo, 3^. 6/. 

STONEy Capl, F, Gt9adowey Tactical Studies from the 

Franco-German War of 1870-71. With 22 Lithographic 
Sketches and Maps. Demy 8vo, los, 6il. * 1 

WlLKlNSONy IT, Spensery Capl. 20lh Lancashire R. V. — Citizen 
Soldiers. Essays towards the Improvement of the Volunteer 
Force, Crown SvoJ 2s, (id. 


^ EDUCATIONAL. 

ABKLy Carly /%./).— Linguistic Essays. Post Svo, 9^. 

Slavic and Latin. Ilchester Lectures hn Comparative Lexi- 
' cography. l*ost Svo, $5. ' 

ABRAI/AMSy L, /?.— A Manual of Scripture History for Use 
in J^ish Schools and Families. With Map and Ap. 
pendices. Crowi\8vo, is, (id, 

^/LVy /'.—A Concise Grammar of the Dutch Language, with 
Selections from the best Authors in Prose and Poetry. After 
Dr. F. Ahn’s Method. i2mo, 3^. 6 d, , 

Practical Grammar of the German Language. Crown 
Svo, 3J. 6d* 
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AIIN, 1 \ — continued. 

New, Practical, and Easy Method of Learning \he 
German Language. First and Second Courses in i vol. 
i2mo, y, ♦ 

Key to Ditto. i2mo, %d, 

Maijual of German and English Conversations, or VaiK* 
Mecum for English Travellers. i2nio, is, 6 d, * 

Ne'Ar, Practical, and Easy Method of Learning the 
French Language. First Course and Second Course. i2mo, 
each is, 6 d, The Xwo Coursed in i vol. i2mo, y. 

New, Practical, aAd Easy Method of iLearning the 
French Language. Third Course, containing a French 
Reader, with Notes and Vocabulary. i2mo, u. 6 d, 

Ne\l?, Practical, ''and Easy Method of Learning the 
Italian Language. Firat and Second Courses. i2mo, y, 6 d, 

Ahn’s Course. Latin Grammar for BeginneVs. By W. Ihne, 
Ph.D. i2mo, y, 

BARANOWSKI^ J, 7.— Anglo-Polish Lexicon. Fcap. 8vo, I2 j. 

Slownik Polsko-Angielski, (Polish-IJnglish Lexicon.) Fcap. 

8 VO, 12S, 

BULLOWS^ French and English Dictionary for the 

Pocket, Containing the French-English and English-French 
divisions on the same page ; conjugating all the verbs ; distin- 
guishing the genders by different typf s ; giving numerous aids to 
pronunciation; indicating the licuson or non-liaison of terminal 
consonants ; and translating units of weight, measure, and value 
by a series of tables. Second Edition. 32mo, roan, lOf. (id , ; 
morocco tuck, 12J. (id, « * 

• c 

Tous les Verbes. Conjugations of all the Verbs in the French 
and English Lalguages. 32mo, (id, % 

BOJESEN^ Maria,— E. Guide to the Danish Language. De 
signed for Engjish Students. i2mo, 5^. <> c 

BOZIA, C.— The German Caligraphist. Copies for German Hand- 
writing. Oblong 4to, IJ. « 

BOlVENj H, C, M,A, — Studies in English. Pbr the* use of Modem 
Schools. Tenth Thousand. Small crawn 8vo, is, 6 d, 

English Grammar for Beginners. Fcap. 8vo, is. 

Simple English Poems. Engli^-h Literature for Junior Classes. 
In fouriparts. Pails I., II., and III., 6 d, each. Part IV., IJ. 
(’omplele, 3^^ 
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BUEl'TEy P,U.,and THOMAS^ 7^.— French Examination Papers 
^ set at the University of London, Arranged and Edited 
by the Rev. P. H. Ernest Breite, B.D., and Ferdinand 
Thomas, B. A. Part I. Matriculation, and the Genefal Examina- 
tion for Women. Crown 8vo, 3^. 6^/. 

French Examination Paiiers set at the University of 
London. Key to Fart I. Edited by the Rev. P. H. E. 

• Brette and F. Thomas. Crown 8vo, 5s . * 

French Examination Papers set at the University of 
London. Edited by the Rev. P. H. ErnSst Brette and 
Ferdinand Thomas. ^Part II. Crown 8vo, yr. 

BUTLER, F.— The Spanish Teacher, and Colloquial Phrase 
Book. iSmo, half-loan, 2s. 6 d. 

B YRNE, James. — General Principles of the Structure of Lan- 
guage. 2 vols. !2)emy 8vo, 36^. 

The Origin of Greek, Latin, and Gothic Roo^s, Demy 
8vo, 

CAMER/N/, E. — L*Eco Italiano, A Practical Guide to Italian 
Conversation. With a Vocabulary. i2mo, 4^. 6 d, 

CONTOPOULOS, A^.— A Lexicon of Modern Greek-English 
and Engligh-Modem Greek. 2 vols. 8vo, 27 j. 

CONWA Y, R. Siyniour.—'VGtnQps Law in. Italy. An Essay in the 
History of the Indo-European Sibilants. Demy 8vo, 5^. • 

The Italic Dialects, I. The Text of the Inscriptions. 11. An 
Italic Lexicon. Edited and arranged by R. Seymour Conway. 
8vo, * \In preparation, 

DELBRUCK, .5.— Introduction to the Study of Language. 
The History anc^ Methods of Compai'ative Philology of the Indo- 
Europe!^ Languages. Sfo, 5^. ^ 

HORSEY, A. J, D. — A Practical Grammar of Portuguese 
and English. Adapted to 011^dorfi'’s System. P'ourth 
Edition, i2mo, yj. • 

• Colloquial Portuguese ; or, The Wor^s and Phrases of Every- 
» day Life, Fourth Edition. Crown 8vo^ 3J. td, 

DUSAR, P. Friedrich — A Grammar of the German Language. 
Witl9i Exercises. Second Edition. Crown 8vo, 4^. bd, 

A Grammaticajl Course of the German Language. Third 
Edition. Crown 8vo, 3J. 6 d, 

Education Library- Edited by Sir Philip Magnus 

An Introduction to the History of Educational 
Theories. By Oscar Browning, M.A.* Second Edition. 

3J. . 
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^ 

Education lAhraxy^coniinued. 

Industrial Education. By Sir Philip Magnus. 6s, 

Old (arreek Education. By the Rev. Proft Mahaffy, M.A. 
Second Edition, 3r. 6</, 

School Management. Including a general view of the work 
of Education, ^Organization, and Discipline. By J oseph L^^ndon. 
Stventh Edition. 6r. 

EGERy Technological Dictionary in the English and 

Germi'n Languages. Edited by Gustav Eger. 2 vols. 
Royal 8vo, \ *js, . 

ELLIS^ Sources pf the Etruscan and Basque Lan- 
guages. Demy 8vo, *]s, 6d, * 

FRIEDRICH, —Progressive German Reader. With Copious 
Notes to the First Part. Crown 8v6, 4^. 6d. 

FRCEMBJjNG, Friedrich Graduated German Reader, A 

Selection from the most Popular Writers ; with a Vocabulary for 
the First Part. Tenth Edition. i2mo, y, 6d, 

Graduated Exercises for Translation into German. 
Consisting of Extracts from the best English Authors; with 
Idiomatic Notes. Crown 8vo, 4J. 6d, Without Notes, 4J. 

CARLANDA, Federico, — The Fortunes of Vfrords. Letters to a 
Lady, Crown 8vo, 

' The Philosophy of Words. A Popular Introduction to the 
Science of Language. Crown 8vo, ^s, 

GELDART, E, K Guide to Modern Greek. Post 8vo, *}s, 6d, 
Key, 2J. 6d, 

GOWAN, Major Walter A. XvanofT's Russian Grammar. 
(i6th Edition.) Translated, enlarged, , and arranged for use of 
Students of the Russian Langudge, Demy 8vo,.6r. 

HODGSON, IV, The Education of Girls; and the Em- 
ployment of Women of the Upper-Classes Edu- 
catiohaLly considered. Second Edition. Crown Svo, 3 .f. 6d, 

KARCHER, Questionnaire Francais, Questions *011 

P'rench Grammar, Idiomatic Difficulties, and Military Expres- 
sions. I' ourth Edition. Crown Svo, 4 .r. 6d, ; interleaved with 
writing-paper, 55 . 6d, ‘ 

LANDON, Joseph, — School Management ; Including a (General View 
of the Work of Education, Organization, asd Discipline, Seventh 
Edition. Crown Svo, 6s. 

LANGE, F, K, W, — Germania. A German Reading-Book Arranged 
Progressively. Part 1. Anthology of German Prose and Poetry, 
with Vocabulary and Biographical Notes. Svo, js, 6d, Part II. 
Essays on German History and Institutions, with Notes. Svo, 
3 f. 6d, Parts 1. and II. tc^ether, Ss. 6d, 
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LANGE, F. K. W.^ontinued, 

• German Grammar Practice, Crown 8vo, is, 6d, 

Colloguial Qerman Grammar. Crown 8vo, 45. 6d. 

LE-BRUN, Z.— Materials for Translating from English into 
French. Seventh Edition. * Post 8vo, 4J. 6Z 

Little * French Reader (The). Extracted from “Thev Modern 
French Reader.’* Third Edition. Crown 8vo, 2s, 

MAGNUS, Sir —Industrial Education. C«)wn 8^0, 6 j. 

MASON, Charlotte M, — Home* Education ; a Course of Lectures to 
Ladies, Crown 8vo, 3?. 6Z ^ 

MILLHOUSE, PronSuncing and Explanatory English 

and Italian Dictionary. 2 vols. 8vo, i2j. 

Manual of Italian CJonversation. iSmo, 2s, ^ 

Modern French Reader (The). A Glossary of Idioms, Gallicisms, 
and other^ Diffjcullics contained in the Senior Course of the 
Modern French Reader. By Chari.p:s Cassal. Crown 8vo, 2s, 6d. 

Modern French Reader (The). Prose. Junior Course. Tcntli 
Edition. Edited by Cii, Cassal and TiiltODORE Karcher. 
Crown 8vo, 2s, (id. 

Senior Course. 'Jhird Edition. Crown 8vo, p. 

Modern French Reader. Senior Course and Glossary combined, ^s. 
Improved French and English ^nd English and 
French Pocket Dictionary, 241110, 3J. 

OLLENDORFF,— NLqXoOo para aprender a Leer, escribir yhablar 
el Ingles segun el sistema dc Ollendorff. Por Ramon Palen- 
ZUELA y Juan dk la Carre.no. Svo, p, 6d, Key to ditto. 
Crown 8vo, y. , 

Metodo purira aprender a Leer, escribir y hablar el Frances, 
segun el verdadero sistema de Ollendorff. Por Teodoro 
S iMONNfi/* Crowm 8vo, 6j. Key to diiTo. Crowd^Svo, 3J. 6Z 

OTTE, E, C. — Dano-Norwegian Grammar. A Manual for 
,, Studesls of Danish based on the Ollen^orffian System. Third 
, Edition. Crown Svo, 7 j. (id. Key to abc^ve. Crown Svo, 3J. 

PONSARD, A'.— Ch^lotte Corday. A Tragedy. Edited, with 
English Notes and Notice on Poiisard, by Professor C. Cassal, 
LL. 13 . Third Edition. i2mo, 2s, (id. 

L*Honneur et IVlrgent, A Comedy. Edited, with English 
Notes and Memoir of Ponsard, by Professor C. Cassal, LL.D. 
Second Edition. i2mo, 3^*. (id, 

RASA', Erasmus,— Grammsa: of the Anglo-Ss^on Tongue, 
from the Danish of Erasmus Rask. By Benjamin Thorpe. 
Third Edition. Post Svo, 5J. 6d. * 
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RlOLAy Benry.—Ho'w to Learn Russian. A Manual for Students, 
based upon the OllendorfSan System. With Preface by 
S. Ralston, Fourth Edition. Crown 8vo/ lar. 

Key to the above. Crown 8vo, 5f. 

A Graduated Ru^ian Reader. With a Vocabulary. Crown 
§vo, IQT. 6 d. 

ROClIEy A . — A French Grammar. Adopted for the Public Schools 
t)y theiJmperial Council of Public Instruction, Crown 8vo, 3 j. 

Prose and Poetry. Select Piepes from the best English Authors, 
for Reading, Comflosition, and Translation. Second Edition. 
Fcap. 8vo, 2J. 6^/. • ^ © 

ROSING^ 5 '.— English-Danish Dictionary. Crown Svo, 8 j. 6</. 

SA VCE, A, I/.—An Assyrian Grammar for Comparative Purposes. 
Crown Svo, 'js, bd. 

The Principles of Comparative Philology, Third Edition. 
Crown Svo, lOj. 6 d. ‘ 

SINCLAIR, /'.—A German Vocabulary. Crown Svo, 2s. 

SMITH, M,, and HORNEMAN, H . — Norwegian Grammar. 
With a Glossary for Tourists, Post 8vo,^2f. 

THOMPSON, A, .^.—Dialogues, Russian and English, Crown 
« Svo, 5 j. 

TOSCANT, Italian Conversational Course. Fourth 

Edition. i2mo, $s, 

Italian Reading Course. Fcap. SVo, 4 j. 6 d. 

Trubner’s Catalogue of Dictionaries and Grammars of the 
Principal Languages and Dialects of the World. 
^ Second Edition. Svo, 5r. ♦ 

Trubner’s Collection of Simplified Grammars of the Prin- 
cipe Asiatid' and European Languages. Edited by 
RsiNilbLD Rost, LL.D. Crown Svo. 

I. Hindustani, Persian, and Arabic. ByE. II. Palmer. 
Second ^mtion. 5;. 

II. Hungarian. By I. Singer, 

• III. Basque. By W. Van Eys, 3^. 6 d, 

IV. Malagasy, By G. W. Parker., 5f. 

V. Modern Greek. By E. M. Geldart. 2j. 6 d. 

VI. Roumanian, By R. Torceanu. 5^. 

VII. Til^tan Grammar. By H. A. Jaschke. 5/, 

VIII. Danishf ByE.C. OttJ^. 2s, 6 d, 

IX. Turkish. By J. W. Redhouse. los, id. 
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Triibner’s Collection of Simplified Grammars of the Prin- 
' cipal Asiatic and European Languages— 

X, Swedish. By E. C. OttA. 2 s, 6d, 

XI. Polish. By W. R. ^orfiki.. 3j. 6(t, 

XII. Pali. By E. Muller. 7/. 6^/. 

•XITT. Sanskrit. By H. Edgren, lOf. 6 ( t , 

XIV, Grammaire Albanaise, Par P. W. , 7 j. 

XV. Japanese. By B. H. Chamberlain. 5j. 

XVI. Serbian. By W. R. MoriuLL. 4^. 6(1, 

XVII. Olineiform Inscriptions! By George Blrtin, 5^. 

XVIII. Panjabi Language, By the Rev. W. St. Clair 
Tisdalu 7f. 6r/. • 

XIX. Spanish. By W. F. Harvey. 3^.6^/. 

VAN LA UN — Grammar of the French Language. Crown Svo. 
Parts I. and II. Accidence and Syntax. 41. Part III, Exer- 
cises. 3^. 6d. 

VELASQUEZ, AL, de la Cadena.-^A Dictionary of the Spanish 
and Englisji Languages. For the Use of Young Learners 
and Travellers. In 2 parts. I. Spanish-English. II. English- 
Spanish. Crown Svo, 6s, ^ 

A Pronouncing Dictionary of the Spanish and English 
Languages. 2 parts in one volume. Royal Svo, 4s. 

New Spanish Rhader. Passages from the most approved 
Authors, in Prose and Verse. With Vocabulary. I^ost 8vo, 6s, 

An Easy Introduction to Spanish Conversation, i2mo, 
2J. 6d, * ♦ 

f 

VELASQUEZ and SJMONNE,-‘'l^^'Sfi Method to Read, Write, 
and Speak the Spanish Language. Adapted to Ollen- 
dorff’s System. Post Svo, 6s, Key. Post 8 vo,'4j. 

V/EVEA.—A'New^ Pocket Dictionary of the Portuguese and 
> English Languages. In 2 parts. Vortuguese-English and 
English-Portuguese. 2 vols. Post Svo, ioj. 

WELLER, /Ik— An Improved Dictionary. English and French, 
and French and English. Royal Svo, yj. 6d, 

WHITNEY, W, /?.— Language and the Study of Language. 
Twelve Lectures on the Principles of Linguistic Science. Fourth 
Edition. Crown Svo, lor. 6d, 

Language and its Study, with especial reference to the Indo- 
European Family of Languages. Lectures. Edited by the Rev. 
R. Morris, LL.D. Second Edition. Crown 8vc> ^ s . 
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WHITNEY, Prof. WilUam — Essentials of English 

Grammar, for the Use of Schools, Second Edition. Crov/n 
8voi, 3J. (id. 

YOUMANS, Eliza First Book of Botany. Designed to 
cultivate the Observing • Powers of Children. With 300 
Engravings. New. and Cheaper Edition. Crown Svo, 2j. 6 d. 


^ POETRy. 

ADAMS, Estelle Davenport. -^Sea. Song <ind River Rhyme, from 
Chaucer to Tennyson. With 12 Etchings. Large crown 
Svo, loj. 6 d. 

ALEXANDER, William, D.D., Bishop of Derry. — St. Augustine’s 
Holiday, and other Poems. Crown Svo, 6 s. 

ARNOLD, Sir Edwin, C.S.L—Xn my Lady’s' Praise. Being 
Poems Old and New, written to the Honour of Fanny, I^ady 
Arnold. Imperial i6mo, parchment, 3f. 6 d. 

Poems; National and Non-Oriental. With some New 
Pieces. Selected from the Works of Sir EinviN Arnold, C.S.I. 
Crown Svo, yj. 6 d. 

• Sec also under Oriental, ” 

BADDELEY, St. Clair . — Lotus Leaves. Fcap. folio, boards, Sj. 6 d. 

BARNES, William.’— Poems of Rural# Life, in the Dorset 
Dialect. New Edition, complete in one vol. Crown Svo, 
6 s. 

BLUNT, Wilfrid .SVa7c»t’«. — The "V^ind spnd the Whirlwind. 

• Demy Svo, u. 6 d. • 

The Logire Sonn^fs of Proteus. Fifth Edition, Elzevir Svo, 

SJ. • 

In Vinculis. \yilh Portrait Elzevir Svo, 51. » „ 

A New Pilgriyiage, and other Poems. Elzevir Svo, 55. * 

BRYANT, W. C. — Poems. Cheap Edition, wifa Frontispiece, Small 

• crown Svo, 3J. 6 d, « 

CODD,John.—A Legend of the Middle Ages, and other Songs of 
the Past and Present. Crown Svo, 4J. 

DASH, Blancor.-fLoles of a Tennis Party. Small crown Svo, 5/. 

DA WE, Williamf^Sketches in Verse, Small crown Svo, 3J. 6 d. 

DA WSON, C. .< 4 .— Sappho. Small crown Svo, 51. 
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DE VERB, Poetical Works. * 

I. Tjie Search after rRosERi-iKE, etc. p , 6 d , 

' II. The Llcends ok St. Paiuick, etc. 3^. 6 d , 

111, Alexander the Great, etc. 3 j*. 6 d . 

The Foray of Queen Meave, and other Legends of Ireland’s 
Heroic Age. Small crown SVo, 3 ^. 6 //. 

Legends of the Saxon Saints. Small crown 8 vo, 3 ^. Gd, 

Legends and Records of the Church and the Empire. 
Small crown Svo, 3 j. 6d, • • 

DOBSON, yiits/m . — Old Wo^T^d Idyhs, and other Verses. Lhevir 
Svo, gilt top, 6s, 

At the ^ign of the *Lyre. Elzevir Svo, gilt lop, 6 j, 

DOYLE, y. — Cause. Small crown Svo, 6 f. 

DURANT, llildise. — Dante. A Dramatic Poem. Small cr(?tvn Svo, 5 ^. 

DUTT, Torn , — A Sheaf Gleaned in French Fields. Demy Svo, 
loj. 6d, 

Ancient Ballads and Legends of Hindustan. With an 
Introductory Memoir by Edmund Gosse, iSmo, Cloth extra, 
gilt lop, 5 J. 

Elegies and Memorials. By A. and L. Fcap. Svo, 2j. 6d, 

ELLIOTT, Ehenezer, The Corn Law Rhymer, — Poems. Edited b/ his 
son, the Rev. Edwin Elliott, of St. John’s, Antigua, 2 vols. 
Crown Svo, iSj. 

English Verse. Edited by W. J. Linton and R. 11, Stoddard, 
5 vols. Crown Svo, cloth, $s. each, 

I. Chaucer to Burns, 

II. Translations! • 

III. Lyrics 'OF the Nineteenth Century, ’ 

IV. Dramatic Scenes and CHARACTiyis, 

V. Ballai^ and Romances. 

F1FE‘C00KS0N, LieuU-Col , — The Empire of Man. Small crown 
'* Svo, Is. 6d, M 

CARRICJC, H, B, IF.— India. A Descriptive Poem, Crown Svo, 
•js, 6d, • 

COSSE, Edmund,— ‘Tilevr Poems. Crown Svo, 75 . 6d, 

Firdausi in Exile, and other Poems, Second Edition. Elzevir 
Svo, gilt top, 6s, 

On Viol and Flute ; Lyrical Poems. With Frontispiece by L, 
Alma Tadema, R.A., and Tailpiece by llAM'^ Thorn \ v'Korr, 
K.A. Elzevir Svo, 6s. , 
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GRAY, Maxwell. — Westminster Chimes, and other Poems. Small 
crown Svo, ^s, 

GURNEYj ^^ev. Alfred. — The Vision of the Bucharist, and other 
Poems. Crown Svo, 5 j. t 

A Christmas Faggot. Small crown Svo, 5J. 

Voices from the Holy Sepulchre. Crown Svo, 5f. 

IIAKRISONf Clifford. — In Hours of Leisure. Second Edition. 
Crown Svo, 5j. 

HEINE, Heinrich.— Love-Songs of, Englished by II. li. 
Pkiggs. Post Svo, {parchment,* 3J. (id. 

HUES, Ivan . — Heart to Heart. Small crown Svo, ,SJ, 

INGLEBY, Holcombe.— from Naples, and Other Poems. 
With Illustrations by his Wife. Crown Svo, 3s. 6d. 

KEA TS, ^ohn . — Poetical Works. Edited by W. T. Arnoi d. Large 
crown Svo, choicely printed on hand-made paj)er, with Portiait 
in eati-Jorte. Parchment or cloth, 12s. ; vrllum, 15J. New 
Edition. Crown Svo, cloth, 3^. 6d» 

N/NG, Mrs. Hamilton . — The Disciples. Tenth Edition, Small 
crown Svo, 5J. Elzevir Edition. Cloth extra, 6j. 

A Book of Dreams. Third Edition. C*own Svo, 3x. (id. 

The Sermon in the Hospital (from “ The Disciples^*). Fcap. 

* Svo, IS, Cheap Edition for distribution ^d., or 20J. per 100. 

Ballads of the North, and other Poems. Crown Svo, 5^. 

LANG, .rf.— XXXII. Ballades in Blue^ China. Elzevir Svo, 51. 

Rhymes a la Mode. With Frontispiece by E. A. Ahuky. 
Second Edition. Elzevir Svo, cloth extra, gilt top, 5 j, 

Living English Poets MDGCCLXXXTI. With Frontispiece by 

* Walter Crane. Second Edition. Large cfown Svo. Printed 
on h^d-made p|per. Parchment or cloth, I2r. ; vellum, 15^. 

LOCKER, !^r-^London Lyrics- Tenth Edition. With Portrait, 
Elzevir Svo, cloth extra, gilt top, 5r. 

• • » 

LULWORTH, Ar^.’-^Sunshine and Shower, and other Poems. 
Small crown Svo, Ss. 

LYALLfSir Alfred . — Verses written in India. £l|evir Svo, gilt 
top, 5J. 

MASSEY, Gerald, — My Lyrical Life. Poems Old and New. Two 
Series. Fcap. Svo, 51. each, 

MEREDITH, Gwen [The Earl of Lytion],—'Lyxci\en New Edition, 
With 32* Illustrations. i6mo, 3J. (id. Cloth extra, gilt edges, 
4r. (id, • 
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MORRISy Leivis , — Poetical Works of. ^New and Cheaper Editions, 
In 5 vols., 5^. each. 

Vol. I. contains “Songs of Two Worlds.” Thirteenth Edition. 

Vol. II. conlains “ The Epic of Hades.” Twenty-thira Edition. 

Vol. III. contains “Gwen” and “The Ode of Life.” Seventh 
Edition. 

Vol. IV. contains “ Songs Unsung” and “ Gycia.” Fifth Edition. 
Vol. V. contains “ Songs of Britain.” Third Edition. Ftap, 8vo, 5J. 

Poetical Works. Complete in i vol. Crown 8 vo, 6 ^ 

The Kpic of Hades. With 16 Autotyi:>e Illustrations, after the 
Drawings of the late Oeorge K. Cihapman. 4to, cloth extra, gilt 
leaves, 2lJ, 

• • * 

The Epic of Hades. Presentation Edition. 4to, cloth extra, 
gilt leaves, lO-f. 6 d. 

The Lewis Morrirf Birthday Book. Edited hy^. S. Cope- 
man, with Frontispiece after a Design by the late George R, 
Chapman. 32mo, cloth extra, gilt edges, 2 j. ; cloth limp, is, 6^, 

OWJENy John. — Verse Musings on Nature. Faith and Freedom. 
Crown 8 vo, ^js. (id, 

PFEIFFERy iiw//)/.— Flowers of the Night. Crown 8vo, Cs, 
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88 


A List of 


STRETTON, E’esia.—Ulvld Uoyd’s Last WIU. With 4 Ulush*. 
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type is bold, and, being on fine white hand>made paper, can hardly tax 
the weakest of sight. Thej^print is judiciously confin^ to the text, tiotes 
being more appropriate to library editions. The whole will be comprised 
in the cream-coloured parchment which gives the name to the seii^." 
-^^Daily News. ^ ^ , 
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SHAKSPERE’S WORKS 

SPECIMEN OF TYPE. 


41 T2IE MERCHANT OF VENICE, Act l 

Salar. My wind» cooling my broth. 

Would blow me to an ague, when I thought 
What harm a wind too great might do at sea. 

I should not see the sandy hour-glass run 
But I should think of shallows and of flats. 

And see my wealthy Andrew dock’d in sand. 

Vailing her high-top lower than her ribs 
To kiss her burial. Should I ^ to church 
And see the holy edifice of stone, 

And not bethink me straight of dangerous rocks. 
Which touching but my gentle vessel’s side. 

Would scatter all her spices on the stream, 

Enrobe the roaring waters with my silks. 

And, in a word, but even now worth this. 

And now worth nothing ? Shall I have the thought 
To think on this, aztd shall 1 lack the thought 
That such a thing bechanc’d would mak% me sad ? 

But tell not me : 1 know Antonio 
Is sad to think upon his merchandise. 

Ant. Believe me, no : 1 thank my fortune for ^ 
My ventures are not in one bottom J.rusted, 

Nor to one place ; nor is my whole estate 
Upon the fortune of this present year : 

Therefore my merchandise makes m^ not sad. 

Salar. Why, then you are in love. 

Ant. Fie, fie I 

r ^lar. Not in love neither ? Then let us say you 
are sad, 

Because you ''re not merry ; and 'twerc as easy 
I'or you to luugh, and leap, and say you are merry. 
Because yoa are not sad. Now, by two-headed 
Janus, 

Nature hath fram'd strange fellows in her time : 

Some that will evermore peep thiough their eyes 
And laugh like parrots at a bag- piper ; 

And other of such vinegar aspect 
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